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In the first part of this thesis, a direct, one-step tri-axial electrospinning process 
was used to fabricate multi-walled fibers with a novel architecture. Different healing 
agents were encapsulated inside the fibers with two separate protective walls. Presence 
of an extra layer in the fiber structure facilitated the encapsulation of healing agents and 
extended the efficiency of the healing functionality. We first took a systematical 
optimization approach to produce tri-axial hollow electrospun fibers with tunable fiber 
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diameters and surface morphology. Next, the effect of tri-axial hollow fibers as a primary 
reinforcement and co-reinforcement in the presence of glass fibers was scrutinized from 
a material selection point of view. Furthermore, multi-walled fibers were utilized to 
encapsulate different healing agents inside the fibers and successful and recurring self-
healing ability were achieved while preserving the mechanical properties of the 
composites. 
In the second part of this study, three different architectural designs were 
developed for manufacturing advanced multi-scale reinforced epoxy based composites in 
which graphene sheets and carbon fibers were utilized as nano- and micro-scale 
reinforcements, respectively. Graphene/carbon fiber/epoxy composites in various 
graphene sheet arrangements showed enhancements in in-plane and out of plane 
mechanical performances. In the hybrid composites, remarkable improvements were 
observed in the work of fracture by ~55% and the flexural strength by ~51% as well as a 
notable enhancement on other mechanical properties. In addition, integration of 
conductive reinforcement in the epoxy matrix enabled us to develop composite structures 
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Tezin ilk bölümünde, özgün yapıda çok cidarlı fiber üretmek için direkt tek 
aşamalı üçeksenli elektrodokuma yöntemi kullanılmıştır. Farklı onarım ajanları iki farklı 
koruma duvarına sahip fiber içerisine yerleştirilmiştir. Fiber yapısı içerisindeki ilave 
duvar katmanı, onarım ajanlarının fiber içerisine giydirilmesini kolaylaştırmıştır ve 
onarım fonksiyonunun verimini arttırmıştır. İlk olarak, sistematik optimizasyon 
yaklaşımı ile üçeksenli içi boş elektrospun fiberleri çaplarını ve yüzey morfolojilerini 
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kontrol ederek ürettik. Daha sonra, içi boş üçeksenli fiberlerin epoksi reçine içindeki 
güçlendirici etkileri ve yine epoksi reçine içerisinde cam elyafa ek olarak yanal 
güçlendirici etkileri malzeme seçimi bakış açısından incelenmiştir. Ayrıca, çok duvarlı 
fiberler içerilerine çeşitli onarım ajanlarını yüklemek için kullanılmıştır ve onarım ajanı 
içeren çok duvarlı fiberler ile kompozitin mekanik özelliklerini koruyarak başarılı bir 
şekilde tekrarlanabilir kendi kendini onarabilme özelliği sağlanmıştır. 
Tezin ikinci bölümünde, grafen tabakalarının nano güçlendirici ve karbon 
fiberlerin mikro güçlendirici olarak kullananıldğı ileri çok ölçekli güçlendirilmiş epoksi 
tabanlı kompozitleri üretmek için üç farklı yapısal tasarım geliştirilmiştir. Grafen 
tabakaların farklı düzenlerde yerleştirildiği grafen/karbon fiber/epoksi kompozitlerin 
düzlem içi ve düzlem dışı mekanik performanslarında iyileşmeler gösterilmiştir. Hibrid 
kompozitlerde kırılmada yaklaşık %55 ve eğilme mukavemetinde %51 oranında önemli 
iyileşmeler gözlenirken aynı zamanda diğer mekanik özelliklerde kayda değer iyileşme 
sağlanmıştır. Bunlara ek olarak, iletken güçlendiricinin epoksi matrisine yüklenmesi 
yüksek elektrik ve ısı iletkenliği, kendi kendini ısıtma ve buz giderici özellikleri bulunan 
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CHAPTER 1. STATE-OF-THE-ART 
Fiber-reinforced polymeric composites with superior strength and stiffness to 
weight ratio, relatively easy manufacturing process, and multi-functionality are promising 
alternative in design and development of structural and functional materials for aerospace, 
aeronautics, energy and automobile industries [1]. However, growing demand of 
industries for materials with higher mechanical and physical properties as well as 
different functionalities leads to development and fabrication of a novel class of materials 
named nanocomposites. Nanocomposites benefit from unique mechanical properties, 
large aspect ratio, and various functionality of nano-materials to offer polymeric 
structures with enhanced mechanical integrity, physical performance and multi-
functionalities [2]. 
Embedment of reinforcing fibers into the polymeric matrix is the most common 
way to improve the structural performance (i.e., specific strength and stiffness, among 
others) of polymeric materials [3]. However, the reinforced polymeric materials 
(composites in general term) are inherently susceptible to crack initiation and subsequent 
growth under external loads due to their heterogeneous structure, which unavoidably 
leads to a gradual degradation in mechanical properties of composites as a function of 
time [4, 5]. In order to circumvent this issue, it would be a prudent approach to use 
reinforcing fibers with healing/repairing agent(s) in composite materials [6]. Reinforcing 
fibers with an healing functionality can improve the mechanical properties of composites, 
prolong their effective lifetime and expand their capabilities for more advance 
applications [7]. Inspired by autonomous healing of wounds in living biological systems, 
scientist and engineers have been in constant search of methods to develop smart 
materials with self healing capability [8]. One practical approach is based on the delivery 
of encapsulated liquid agent into fractured areas whereby the mechanical properties of 
the damaged polymeric material can be partially or fully restored by repairing micro 
cracks.  
On the other hand, the performance of fiber-reinforced composites is particularly 
affected by the properties of the constituent materials and the strength of fiber–matrix 
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interfaces which influence the efficiency of load transfer from the matrix to the 
reinforcements [9, 10]. In order to address these issues and achieve the desired 
performance, there have been several attempts for the enhancement of composite 
properties which are categorized into two parts: improvement of matrix properties and 
interface modification [11]. 
Graphene as a promising reinforcing agent started receiving attention as 
modifier/reinforcement in polymers and polymeric composites due to being one of the 
strongest materials ever measured with a theoretical Young’s modulus of 1060 GPa and 
an ultimate strength of 130 GPa [12, 13]. In addition, high specific surface area of 
graphene sheets results in stronger interfacial interactions and better load transfer between 
polymeric matrix and reinforcement particles which make them suitable candidate for 
nanocomposite fabrication [14]. It is known that nanocomposites reinforced by graphene-
based materials even at very low loadings have shown great influence on mechanical 
performance, thermal, electrical conductivity, and flame retardancy in comparison of 
unmodified polymers [15, 16]. 
In the first part of this study, we conducted a systematical optimization study to 
produce tri-axial hollow electrospun fibers with tunable fiber diameters and surface 
morphologies by using different polymers and changing electrospinning processing 
parameters [17]. In addition, the effect of tri-axial hollow fibers as primary  reinforcement 
and co-reinforcement in the presence of  glass fibers were investigated from material 
selection to processing optimization [18]. Furthermore, tri-walled healing fibers were 
utilized to encapsulate different healing agents inside the fibers with two distinct 
protective walls. The presence of an intermediate layer facilitates ease encapsulation of 
healing agents and extends the efficiency and life-time of the healing functionality and 
thus preserve the mechanical properties of the composite by repairing micro and nano 
scale cracks under test condition [19]. In addition, various structural health monitoring 
and non-destructive testing techniques such as incorporation of Fiber Bragg Gratings 
sensors, and monitoring the acoustic emission, and Poisson’s ratio reduction coupled with 
traditional mechanical testing methods are employed to evaluate the self-healing 
efficiency of composite structures. 
3 
 
In the second part, three different architectural designs are developed for 
manufacturing advanced multi-scale reinforced epoxy based composites in which 
graphene sheets and carbon fibers are utilized as nano- and micro-scale reinforcements, 
respectively. In the first design, electrospraying technique as an efficient and up-scalable 
method is employed for the selective deposition of graphene sheets onto the surface of 
carbon fabric mats. Controlled and uniform dispersion of graphene sheets on the surface 
of carbon fabric mats enhances the interfacial strength between the epoxy matrix and 
carbon fibers and increases the efficiency of load transfer between matrix and reinforcing 
fibers. In the second design, graphene sheets are directly dispersed into the hardener-
epoxy mixture to produce carbon fiber/epoxy composites with graphene reinforced 
matrix. In the third design, the combination of the first and the second arrangements is 
employed to obtain a multi-scale hybrid composite with superior mechanical properties. 
The effect of graphene sheets as an interface modifier and as a matrix reinforcement as 
well as the synergetic effect due to the combination of both arrangements are investigated 
in details by conducting various physical-chemical characterization techniques. 
Graphene/carbon fiber/epoxy composites in all three different arrangements of graphene 
sheets show enhancement in in-plane and out of plane mechanical performances. In the 
hybrid composite structure in which graphene sheets are used as both interface modifier 
and matrix reinforcing agent, remarkable improvements are observed in the work of 
fracture by about 55% and the flexural strength by about 51% as well as a notable 
enhancement on other mechanical properties. In addition, viscoelastic behavior of 
epoxy/carbon fiber/selectively integrated graphene composites including effect of 
temperature, frequency, and graphene sheets configuration are studied using dynamical 
mechanical testing techniques. Incorporation of conductive graphene and carbon fibers 
as reinforcements into epoxy matrix resulted in electrically conductive structures with 
self-heating and deicing capabilities. This study brings a new insight into design and 
fabrication hierarchical multi-scale, self-healing and multi-functional structural materials 
which can be a stepping-stone for future developments.  
Material from this dissertation has been published in the following forms and two 
addition papers are under preparation or submission processes: 
Jamal Seyyed Monfared Zanjani, B. Saner Okan, I. Letofsky-Papst, M. Yildiz, 
Y. Z. Menceloglu, “Rational design and direct fabrication of multi-walled hollow 
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CHAPTER 2. RATIONAL DESIGN AND DIRECT FABRICATION OF MULTI-
WALLED HOLLOW ELECTROSPUN FIBERS WITH CONTROLLABLE 
STRUCTURE AND SURFACE PROPERTIES 
Multi-walled hollow fibers with a novel architecture are fabricated through 
utilizing a direct, one-step tri-axial electrospinning process with a manufacturing 
methodology which does not require any post-treatments for the removal of core material 
for creating hollowness in the fiber structure. The hydrophilicity of both inner and outer 
layers’ solution needs to be dissimilar and carefully controlled for creating a two-
walled/layered hollow fiber structure with a sharp interface. To this end, Hansen 
solubility parameters are used as an index of layer solution affinity hence allowing for 
control of diffusion across the layers and the surface porosity whereby an ideal multi-
walled hollow electrospun fiber is shown to be producible by tri-axial electrospinning 
process. Multi-walled hollow electrospun fibers with different inner and outer diameters 
and different surface morphology are successfully produced by using dissimilar material 
combinations for inner and outer layers (i.e., hydrophobic polymers as outer layer and 
hydrophilic polymer as inner layer). Upon using different material combinations for inner 
and outer layers, it is shown that one may control both the outer and inner diameters of 
the fiber. The inner layer not only acts as a barrier and thus provides an ease in the 
encapsulation of functional core materials of interest with different viscosities but also 
adds stiffness to the fiber. The structure and the surface morphology of fibers are 
controlled by changing applied voltage, polymer types, polymer concentration, and the 
evaporation rate of solvents. It is demonstrated that if the vapor pressure of the solvent 
for a given outer layer polymer is low, the fiber diameter decreases down to 100 nm 
whereas solvents with higher vapor pressure result in fibers with the outer diameter of up 
to 1 µm. The influence of electric field strength on the shape of Taylor cone is also 
monitored during the production process and the manufactured fibers are structurally 
investigated by relevant surface characterization techniques. 
2.1. Introduction 
Hollow structured nanofibers with exceptional properties such as low density, 
high specific surface area, and tunable surface properties have found considerable 
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applications in catalysis [20], drug delivery [21], membrane [22], and photonics [23]. Up 
to now, two different approaches have been developed to fabricate hollow fibers through 
electrospinning process. The first approach introduced by Bognitzki et al. [24] uses the 
conventional electrospun polymeric fibers as templates for the fabrication of hollow 
fibers through coating the templates with wall materials using various deposition 
techniques, and then removes the template to obtain hollow structures. Similar procedure 
was utilized in the fabrication of hollow fibers of titanium dioxide [25], silica [26] and 
alumina [27]. Complexity in coating, template removal processes and type of material are 
the limiting factors of the method in question for the production of hollow fibers. The 
second approach employs co-axial electrospinning process to produce core-shell fibers 
from two different solutions and then hollow structured fibers is fabricated by selective 
removal of the core material. Li et al. [28, 29] used co-electrospinning of 
polyvinylpyrrolidone and titanium tetraisopropoxide solution in ethanol as the shell and 
mineral oil as the core, which is followed by the subsequent extraction of oil and 
calcination process to fabricate hollow titania fibers. In another study, hollow carbon 
nanotubes were fabricated  by co-electrospinning of poly(methyl methacrylate) (PMMA) 
solution as fiber’s core and  polyacrylonitrile (PAN) as fiber’s shell with the subsequent 
degradation of PMMA and then  carbonization of PAN [30]. Dror et al. [31] fabricated 
polymeric bio-microtubes by using co-electrospun biocompatible and biodegradable 
polymers as core and shell of fibers and transformed the core/shell structure into hollow 
fibers by controlling the evaporation of the core solution.  
In order to increase the strength and functionality of co-axial electrospun fibers, 
an additional wall in fiber structure is provided by multi-axial electrospinning which is a 
single-step method to fabricate third generation electrospun nanofibers with a unique 
architecture and morphology.  In the fabrication process of multi-axial electrospun 
nanofibers, a strong electric field is applied between a nozzle containing concentric tubes 
allowing for the extrusion of different fluids to tip of the nozzle and grounded metallic 
plate as a collector. When the electrostatic forces on the surface of polymeric solutions 
exceed the surface tension of droplets, the jet of polymeric solutions is ejected from the 
tip of the nozzle and undergoes bending instabilities, whipping motions and diameter 
reduction in order to form multi-axial fibers with diameter ranging from several 
nanometers to micrometers [32]. The advantage of these sandwich-structured fibers is in 
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the insertion of an extra intermediate layer between the inner cavity and outer wall of 
fibers. This extra layer would provide an inert medium for the core material to be 
encapsulated thereby reducing the environmental effect and increasing the life time of 
both core and wall materials.  
In literature, one may find a few recent studies which have utilized tri-axial 
electrospinning technique that focuses on the encapsulation of functional molecules since 
an extra intermediate layer in electrospun fiber increases the life time of encapsulated 
materials. Kalra et al. [33] applied tri-axial electrospinning technique to produce fibers 
with  intermediate layer of block-copolymers with self-assembly functionality flanked 
between the shell layers of thermally stable silica and the core allowing for the post-
fabrication annealing of the fibers to obtain equilibrium self-assembly  without destroying 
the fibers morphology. In another study, tri-axial electrospinning technique was utilized 
to develop nanowire-in-microtube structure  by introducing an extra middle fluid as a 
spacer between the outer and inner layer of fibers and selective removing of middle spacer 
fluid to achieve hollow cavity between the sheath and the core materials [34]. In another 
work, biodegradable triaxial nanofibers were produced by using gelatin as middle wall 
and poly(ε-caprolactone) as inner and outer walls to provide sufficient strength to support 
developing tissues [35]. Especially these types of multi-axial electrospun fibers have been 
utilized as drug delivery vehicles since the structure of fiber provides a quick release from 
the outer sheath layer for short-term treatment and a sustained release from the fiber core 
for long-term treatment [36].  
This study differs from the previous studies in terms of creating hollow and 
continuous triaxial electrospun fibers in a single step without any post treatments in which 
hollowness can be tailored. Having a two-walled structure strengthens the electrospun 
fibers thereby preventing its deformation and in turn leading to continuous fiber structure. 
Herein, the hollowness of tri-axial electrospun fibers with different outer and inner 
diameters is controlled by using several solvent-polymer systems and different layer 
polymers to increase encapsulation efficiency. Hansen solubility parameters are applied 
to get an index of layer solution miscibility and affinity to control the diffusion of layers 
through multi-axial electrospinning. To our best knowledge, the current study is the first 
one for the production of multi-walled hollow fibers by a single-step process without 
applying any post treatments and inserting any spacer through layers. In this process, two 
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spinnable polymer solutions as inner and outer layers of fibers with different polarities 
and viscosities adjusted by changing polymer concentration are chosen to provide 
composite properties and wider range of applications. In place of multi-axial 
electrospinning process, single electrospinning methodology is also applied to optimize 
solution concentration to get well-ordered fiber structure. The diameter, surface 
morphology and layered structure of multi-walled hollow electrospun fibers are 
controlled by tailoring the solvent properties, degree of miscibility of solutions, polymer 
concentration, applied voltage, electrospinning distance, and flow rate. 
2.2. Experimental 
2.2.1. Materials 
The following materials have been used for the experiment: Methyl methacrylate 
(SAFC, 98.5%), styrene (SAFC, 99%), Azobisisobutyronitrile (AIBN, Fluka, 98%), 
acrylamide (Sigma, 99%), N, N dimethyl formamide (DMF, Sigma-Aldrich, 99%), 
methanol (Sigma-Aldrich, 99.7%), tetrahydrofuran (THF, Merck, 99%), ethyl acetate 
(EA, Sigma-Aldrich, 99.5%). 
2.2.2. Layer material synthesis 
Polymethyl methacrylate (PMMA), polystyrene (PS) and  poly(methyl 
methacrylate-co-styrene) as hydrophobic polymers and outer layer materials of fibers 
were synthesized by free radical polymerization of vinyl monomers (30 ml) in presence 
of AIBN (1 g) as the radical initiator in the medium of THF (50 ml) at 65°C. 
Polymerization reaction was carried out for 4 h and then the reaction mixture was 
precipitated in cold methanol and dried for 12 h in a vacuum oven at 50°C. 
Polyacrylamide (PAAm) as hydrophilic polymer and inner layer material was synthesized 
by dispersion polymerization of acrylamide monomer (30 g) in methanol (100 ml) by 
using AIBN (1 g) as an initiator at 65°C. Separation of polymer particles from methanol 
and monomer mixture was done by vacuum filtration and twice washing the polymer 
particles with methanol and drying it for 12 h in a vacuum oven at 40°C. Figure  2.1 





Figure  2.1 The chemical representations of outer and inner layer materials (a) PMMA 
(b) poly(methyl methacrylate-co-styrene) (c) PS and (d) PAAm 
2.2.3. Solvent selection and design 
Solvents and solvent systems are selected based on Hansen solubility parameters 
(HSP) using tabulated interactions of molecules in the form of polar (δp), dispersive (δd), 
and hydrogen bonding (δh) components [37]. Two-dimensional graphical representation 
of these parameters for our system is produced by combining the polar (δp) and dispersive 
(δd) components into a new parameter of δv = (δd2 + δp2)1/2 which is plotted against δh. 
Solvents for outer layer polymers are selected from among those located inside the 
solubility circle of each polymer considering the electrospinning properties of the 
polymeric solutions such as electrical conductivity and vapor pressure since these 
parameters are known to alter the borders of solubility area. Good and poor solvents for 
several polymers can be predicted by drawing a solubility circle defined by the Hansen 
coordinates and the radius of interaction [38]. On the other hand, PAAm as an inner layer 
material is mainly soluble in water, but different co-solvents with various volume ratios 
can be utilized to tailor the interaction of outer and inner layer solutions. The Hansen 
solubility parameter of solvent mixtures is calculated using    iniMixn a  equation 
where n represents the parameter type (p, d, or h) and ai is the volume fraction of solvent 































of weight percentages (w/w) are prepared by appropriate amount of polymer and solvent, 
and stirred for 24 h at ambient temperature and pressure to obtain homogeneous solutions.  
2.2.4. Single and multi-axial electrospinning 
Electrospinning process is performed at ambient room conditions using multi-
axial electrospinning set-up purchased from Yflow Company with a custom-made tri-
axial nozzle. Hollow fibers covered by two different polymeric layers are produced by 
tri-axial electrospinning process given in Figure  2.2a Also, the hollowness of fiber is also 
monitored by the formation of Taylor cone at the end of the syringe seen in Figure  2.2b. 
 
Figure  2.2 (a) Schematic representation of tri-axial electrospinning set-up (b) the high-
speed camera image of Taylor cone composed of PMMA as an outer layer and PAAm 
as a middle layer. 
All the fibers were electrospun with a nozzle to collector distance of 7 cm by 
tuning the applied voltage in the range of 5 kV to 30 kV. The flow rates of outer and inner 
layer solutions are individually controllable using separate pumps, and are of the values 
of 20 µl/min and 15 µl/min, respectively. Solutions prepared are loaded independently 
into the syringes which are connected to concentric nozzles, and the flow rate of each 
layer is controlled by separate pumps.  
2.2.5. Characterization 
The structure of synthesized polymer was investigated by 500 MHz Varian Inova 
1H-Nuclear Magnetic Resonance (NMR). The molecular weight and polydispersity index 
of outer layer polymers were determined by Viscotek-VE2001 gel permeation 




investigated by Netzsch Fourier Transform Infrared Spectroscopy (FTIR). Thermal 
behaviors of polymers and fibers were examined by Netzsch Thermal Gravimetric 
Analyzer (TGA) and Differential Scanning Calorimeter (DSC) by a 10°C/min scanning 
rate under nitrogen atmosphere. The surface morphologies of fibers were analyzed by a 
Leo Supra 35VP Field Emission Scanning Electron Microscope (SEM) and JEOL 2100 
Lab6 High Resolution Transmission Electron Microscopy (TEM). Elemental analysis of 
fibers was performed by Energy-Dispersive X-Ray (EDX) analyzing system. Taylor cone 
shape images were taken by high-speed camera. 
 
2.3.  Results and Discussion 
2.3.1.  Layer materials of multi-walled hollow electrospun fibers 
2.3.1.1.  Outer layer materials 
For the production of composite hollow fibers, as can be recalled the hydrophobic 
polymers as a protective outer layer of fibers were synthesized through free radical 
polymerization in solution medium. Here, it should be noted that it is critical to choose 
the hydrophobic polymers as an outer layer material to prevent the diffusion of layers 
during electrospinning thus providing the layered structure. In multi-axial electrospinning 
process, PMMA, PS and poly(methyl methacrylate-co-styrene) are used as outer layer 
polymers, and molecular weight (Mw), polydispersity index (PDI) and glass transition 
temperature (Tg) of these polymers are given in  
Table 2.1. A more detailed description of the experimental procedures can be 
found in the electronic supplementary information. 
Table 2.1 Mw, PDI and Tg of outer layer polymers of electrospun fibers 
Polymer Tg (°C) Mw (g/mole) PDI 
PMMA 123 326000 3.2 
PS 103 313000 1.7 




2.3.1.2. Inner layer materials 
In the inner part of composite hollow fibers, the polymers with the hydrophilic 
nature are chosen to get the desired fiber structure. PAAm as a water-soluble polymer is 
synthesized for an inner layer of multi-walled hollow fibers via dispersion polymerization 
and free radical initiator. Viscosity average molecular weight (Mv) of PAAm, measured 
by Mark–Houwink method, is about 87000 g/mole. Tg of PAAm is around 189oC.  
Figure  2.3 exhibits 2-dimensional solubility diagram of PMMA, and the suitable 
solvents for complete solubility of PMMA are located within the circled area. As stated 
previously, PAAm as an inner layer is mainly soluble in water; however, different co-
solvents with various volume ratios are utilized to tailor the interaction of inner and outer 
layer solutions.  
 
Figure  2.3 2-dimensional solubility diagram of PMMA. 
 
2.3.2. Study of layer materials by single electrospinning 
Suitable window of processing and material parameters for stable electrospinning 
process of each polymer is initially determined by performing single-axial 


























electrospinning. In the case of outer layer materials, polymer concentration in solution 
plays a critical role in final morphology of fibers. As such, the concentration of PMMA 
lower than 15 wt % leads to the formation of spherical particles while the concentration 
higher than 20 wt % results in uniform and brittle electrospun fibers as shown in Figure  
2.4a. Such a difference in the form of final electrospun product is attributed to the increase 
in polymer chains in the solution, which enhances the entanglement density and raises the 
solution elastic behavior. It was observed that polymer concentration higher than 40 wt. 
%, is not suitable to produce uniform fibers. Single axial electrospinning conditions are 
also optimized for PAAm as a middle layer. PAAm nanofibers reveal the continuous, 
uniform and smooth morphology with an average diameter of 250 nm. Unlike fibers 
obtained using outer layer polymers, PAAm fibers do not show any brittleness and 
continuous fiber network is observed. Single axial electrospinning experiments show that 
optimum electrospinning parameters which render a stable Taylor cone and hence 
uniform fiber formation are those of solution concentration between 20 to 30 wt. %, 
deposition distance between 5-10 cm and the applied voltage between 5-20 kV.  
 
Figure  2.4 SEM images of single axial electrospun fibers (a) PMMA and (b) 
PAAm. (The concentration of each polymeric solution is 30 wt. %). 
 
2.3.2.1. The effect of solvent on the formation of multi-walled hollow 
fibers 
The type of solvent is one of the most important and influential parameters in 
controlling the morphology and diameter of electrospun polymeric fibers [39]. Multi-




fibers with intricate and advanced morphology requires further considerations for the 
selection of proper solvent to obtain the desired fiber structures. Figure 5 gives SEM 
images for multi-walled hollow electrospun fibers with outer layer of PMMA and inner 
layer of PAAm by using different solvents in outer layer solution. The results show that 
the fiber diameter increases upon increasing solvent vapor pressure. DMF results in the 
formation of fiber with the diameter less than 100 nm whereas ethyl acetate (EA) 
increases the fiber diameter up to 500 nm, and the largest fiber diameter about 1 µm is 
obtained by THF. The high vapor pressure of THF provides faster drying of outer layer 
solution during electrospinning process, but solvents with lower vapor pressure like DMF 
bring about the longer drying time. Thus, polymeric jet with solvents of lower vapor 
pressure is exposed to instabilities for longer duration and in turn the diameter of fibers 
is reduced before reaching the surface of the collector. In addition, higher dielectric 
constant of solvent like DMF provides higher stored electrical energy, ion disassociation 
and free charge in solution jet. Hence, the polymeric jet is being subjected to higher 
electrical forces, thereby contributing to further reduction in fibers’ diameter [40]. In 
addition, the inset image in Figure 5b indicates complete breakage of outer layer and the 
rupture of inner layer that reveals distinct layers and the hollowness of the fiber.  
Figure  2.5 also indicates that the solvent type directly affects the surface 
morphology and porosity of the fibers. In the electrospinning process, rapid acceleration 
of jet toward the collector surface increases the surface area of the jet hence leading to 
significantly higher rate of solvent evaporation and rapid evaporation cooling. 
Thermodynamic instability caused by this cooling leads to phase separation of jet solution 
into the polymer-rich and solvent reach phase which after drying of the fibers the polymer 
rich phase remains and the solvent-rich phase forms pores [41]. Heat of vaporization in 
DMF is higher than THF, but higher rate of evaporation and lower heat capacity of THF 
made evaporation cooling phenomena stronger resulting in greater phase separation and 
more porosity within the final fibers. Furthermore, evaporation cooling during the 
electrospinning caused the condensation of water vapor in the air onto the fiber surface 





Figure  2.5 SEM images of electrospun multi-walled hollow PMMA/PAAm 
fibers fabricated by different outer wall solvents (a) DMF, (b) EA and (c) THF. 
The miscibility of layer solutions in multi-axial electrospinning process is another 
parameter influencing the final morphology of fibers. It is expected that solutions with 
lower affinity with respect to one another form distinct layers with clear interface upon 
the electrospinning whereas solutions with partial miscibility causes diffusive interface 
morphology between the layers [38]. For instance, PS as an outer layer is completely 
soluble in DMF and PAAm is dissolved in water easily. During the process of these 
materials, water and DMF mixture with volume ratio of 3:2 (WD32) is used to dissolve 
PAAm inner layer but DMF present in both inner and outer layers increases the affinity 
of both inner and outer layer solutions whereby layers start to diffuse through each other. 
To explain the affinity of solutions in question quantitatively, it is prudent to refer to 
Hansen solubility space. In  
Figure  2.6, one can see that the WD32 solvent is located at a distance of 12.25 
MPa1/2 from DMF in Hansen space (high affinity) while water is at a longer distance of 






Figure  2.7 reveal the formation of electrospun multi-walled hollow fibers 
produced by different pairs of solutions providing different affinities for layers.  
Figure  2.7a shows a sharp and smooth interface between inner and outer layers 
of the fibers prepared by PAAm in water as an inner layer and PS in DMF as an outer 
layer. On the other hand, this distinction between layer materials is not observed in  
Figure  2.7 7b due to high affinity of layer solvents. One may note that the inner 
diameter of the severed surface shown in the inset of  
Figure  2.7a is larger than the diameter of the stretched inner layer in the 
corresponding figure, hence pointing to the hollowness of the fiber. 
For better visualization of the hollowness in the multi-walled hollow electrospun 
fibers, in Figure  2.8 are given SEM images of PS/PAAm fiber synthesized with solvents 
of THF and water for the outer and inner layers, respectively. Recalling that as the vapor 
pressure of the solvent increases, so does the diameter of the fiber, and hence, the 
hollowness can be easily noticed through paying attention to the topology of the fractured 
fiber surfaces.  
 
Figure  2.6 The graph of distance of inner layer solvent and outer layer solvent 
calculated by Hansen solubility space as an index of their affinity. 





















































































Figure  2.7 SEM images of multi-walled hollow electrospun fibers of PS/PAAm 
synthesized with the outer layer solvent of DMF by changing inner layer solvent of (a) 
water and (b) mixture of water/DMF (volume ratio 3:2). 
 
Figure  2.8 SEM images of multi-walled hollow electrospun fibers of PS/PAAm 
synthesized with solvents of THF and water for the outer and inner layers, respectively: 
(a) and (b) present images at different magnifications. 
 
2.3.2.2. The effect of applied voltage on the formation of multi-walled 
hollow fibers 
Electrical field generated by applied voltage between nozzle and collector is 
another crucial factor for the production of hollow electrospun fibers. The polymer 
droplet on the tip of the nozzle needs applied voltage higher than threshold voltage, at 
which the electric force overcomes the forces associated with the surface tension letting 
jet to travel toward the collector surface [43]. The balance between the surface and 
electrical force is also critical in the shape of Taylor cone. Figure  2.9 represents the 
Taylor cone formations in different applied voltage. Unstable Taylor cone initiates at the 
applied voltage of 10 kV for PMMA/PAAm hollow fibers jet and then stable Taylor cone 
is monitored by increasing the voltage up to 20 kV. Moreover, it is observed that further 







cones are formed resulting in unstable and unpredictable electrospinning process. Figure  
2.10 shows the graph of fiber diameter change as a function of applied voltage. As the 
applied voltage increases from 10 to 20 kV during the fabrication of hollow fibers with 
outer layer of PMMA solution in DMF and inner layer of PAAm solution in water/DMF 
mixture, it is observed that the fiber diameter also gradually increases. This can be 
attributed to the fact that since the applied voltage decreases the travel time of the fiber 
between the nozzle and collector thereby decreasing bending instabilities, and whipping 
motions of the fiber experience, the decrease in exposure time to these instabilities leads 
to increase in the fiber diameter with the increasing applied voltage. Moreover, increasing 
the applied voltage accelerates the electrospinning process but limits the fiber drying time 
before reaching the collector whereby wet fibers are gathered on the collector surface. 
 
Figure  2.9 Taylor cone formation of PMMA 20 wt.% in EA as outer layer solution and 
PAAm in water as inner layer solution in different applied voltage (a) no voltage, (b) 10 
kV, (c) 20 kV and (d) 30 kV. 
 
Another important parameter affecting the formation of stable cone shape is the 
flow rate. It is known that if the flow rate of inner and outer layer solutions through the 
nozzles are insufficient to eject the solutions continuously from the tip of the nozzle, flow 
instabilities unavoidably occurs hence resulting in bead formation, or defects in the fiber 
structure [44]. Incompatibility in flow rates for inner and outer fluids can lead to non-
uniformities in fiber layers. In course of determining the range of workable flow rates for 
inner and outer layer solutions, namely 10-50 µl/min, it is observed the best possible cone 
shape for core-shell formation is obtained by the flow rates of 20 µl/min and 15 µl/min 
for outer and inner layers, respectively. In the electrospinning of multi-layer fibers, the 
flow rate of outer layer solution should be always higher than those of inner layer and 
(a) (b) (c) (d)
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core (if exists) solutions to have a complete coverage of these materials and in turn 
produce structures with uniform layers. 
 
Figure  2.10 Changes in the fiber diameter by increasing the applied voltage for fibers 
with outer layer of PMMA in DMF and inner layer of PAAm in WD32 (water: 
DMF=3:2 (v/v)). 
2.3.2.3.  The effect of outer layer polymer on fiber formation and 
hollowness 
In conventional core-shell electrospinning, it is a difficult process to control the 
hollowness continuously since the instabilities in the course of core formation can occur 
throughout the spinning process [45]. In this work, we have shown that the utilization of 
an inner layer, which is readily possible with tri-axial electrospinning process, can 
overcome these instabilities by acting as a barrier and increasing interconnection between 
layers. In order to be able to show that the hollowness and structural integrity of the fibers 
can be controlled, we have electrospun fibers using two different outer layer polymers, 
namely PMMA and PS while keeping the inner layer material the same, PAAm. Figure  
2.11 and 2.11b show TEM images of tri-axial PMMA/PAAm hollow fibers. Bright 
sections in the central part of fibers with a diameter of about 100−125 nm correspond to 
hollow core formation. The inner layer of the fiber appears black in color whereas dark 
gray region belongs to the outer layer of fiber. In Figure  2.11c is given the rupture of 
inner layer observed in multi-walled hollow fiber structure. Figure  2.12 shows that the 






























up to 250 nm. One may reliably conclude from the presented TEM results that the 
diameter of hollowness can be adjusted by changing the type of polymer in the outer 
layer. Different polymers have dissimilar affinities with the same solvent, which can 
influence the drying behavior of solvents during the electrospinning process thereby 
affecting the wall thickness of the fibers and in turn their hollowness. The controllability 
of hollowness diameter can provide an easy encapsulation of functional materials with 
different viscosities if required, and increase the life-time of encapsulated materials 
through circumventing leakage. 
 
Figure  2.11 TEM images of (a) and (b) PMMA/PAAm multi-walled hollow fibers with 
continuous core structure at different magnifications, and (c) the rupture of middle layer 
in tri-axial hollow fiber structure (Outer layer solvent: EA, inner layer solvent: water). 
 
Figure  2.12 TEM images (a) and (b) of PS/PAAm hollow fibers in different regions 
and at different magnifications (Outer layer solvent: EA, inner layer solvent: water). 
In addition to homopolymers, copolymers of styrene and methyl methacrylate are 
also utilized as an outer layer. Figure  2.13 shows SEM images of tri-axial hollow 
electrospun fibers fabricated by electrospinning of poly(methyl methacrylate-co-styrene) 





fibers produced by EA separate easily from each other and the proper connection is not 
achieved between inner and outer layers (Figure  2.13a). On the other hand, outer layer 
processed by THF is not easily separated from the inner layer and fiber elongation can be 
seen clearly in Figure  2.13b and 2.13c. Consequently, it is possible to fabricate 
electrospun hollow fibers with different structures and functionalities by using several 
polymers through tri-axial electrospinning technology. 
 
Figure  2.13 SEM images of multi-walled hollow fibers with PAAm as an inner layer 
and poly(methyl methacrylate-co-styrene) as an outer layer prepared by using solvent of 
(a) EA, (b) and (c) THF. 
 
2.3.3. Structural and thermal analyses of multi-walled hollow fibers 
The formation of tri-axial hollow fibers was also investigated by monitoring the 
functional groups of each layer. Figure  2.14 exhibits FTIR spectrum of multi-walled 
hollow fiber with PMMA as an outer layer and PAAm as an inner layer. For PMMA 
polymer, absorption bands at 2950 cm-1 and 1745 cm-1 indicate C-H and C=O stretchings, 
respectively [46]. For PAAm polymer, asymmetric and symmetric NH stretching of NH2 
contribute to absorption bands at around 3300 cm−1 [47]. EDX results showed that tri-
axial hollow fiber included 56% carbon, 30% oxygen and 14% nitrogen. The nitrogen 





Figure  2.14 FTIR spectrum of multi-walled hollow electrospun fiber with PMMA as an 
outer layer and PAAm as an inner layer. 
The thermal stabilities of PMMA/PAAm multi-walled hollow fibers were 
evaluated by means of TGA and DTA thermograms. Figure  2.15 exhibits TGA and DTA 
curves of PMMA and PAAm polymers and multi-walled hollow fiber. Neat radically 
prepared PMMA shows three steps of weight loss. At first step, PMMA lost 4 % of its 
weight between 175-225°C due to chain scissioning of head-to-head unstable and 
sterically hindered linkages [48]. The second stage of degradation with weight loss of 
34% was observed between 250-325°C due to scissioning of unsaturated ends (resulting 
from termination by disproportionation). In the last step, 62% of polymer weight were 
lost between 325-450°C described by random scissioning within the polymer chain [49]. 
In the case of neat PAAm, two stages of degradation were observed with 18% weight loss 
between 225-350°C because of amide side-groups decomposition and, 56% weight loss 
in the range of 350-500oC due to backbone decomposition [50]. The weight loss curve of 
multi-walled hollow fibers appeared between PMMA and PAAm (Figure  2.15 15a). As 
a result, FTIR and TGA analyses proved the successful formation of multi-walled hollow 


























Figure  2.15 (a) TGA curves of PMMA, PAAm and multi-walled hollow fibers and (b) 
differential thermal analyses of PMMA, PAAm and multi-walled hollow fibers. 
 
2.4.  Conclusions 
In the present work, multi-walled electrospun fibers with controllable hollowness 
and different polymeric layers were fabricated by a single step process. The inner and 
outer diameters of fibers and surface morphologies are controlled by changing the solvent 
type, applied voltage, polymer concentration and polymer type. The suitable window of 
material and processing parameters for electrospinning of each polymer were determined 
using single axial electrospinning. This was the first work in the literature to show the 
production of multi-walled hollow electrospun fibers covered by two different polymeric 
layers. The system and process parameters of tri-axial electrospinning were optimized to 
fabricate an ideal hollow structure. The diffusion of layers during electrospinning was 
controlled by using Hansen solvent selection methods. If the polymer concentration was 
lower than 15%, the sphere-based structure formation was observed. On the other hand, 
smooth fibers formation was monitored by increasing the polymer concentration. The 
porosity of fiber surface and the diameter of hollowness were directly affected by 
changing outer layer material and the solvent type. In conclusion, these novel fibers with 
different functionalities can be utilized in water filtration, composites, dialysis 
membranes, catalysis, drug delivery, membrane, photonics and coatings. 
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CHAPTER 3. DESIGN AND FABRICATION OF MULTI-WALLED HOLLOW 
NANOFIBERS BY TRIAXIAL ELECTROSPINNING AS REINFORCING 
AGENTS IN NANOCOMPOSITES 
Multi-walled triaxial hollow fibers with two different outer wall materials are 
fabricated by core-sheath electrospinning process and integrated into epoxy matrix with 
or without primary glass fiber reinforcement to produce composites with enhanced 
mechanical properties. The morphologies of multi-walled hollow fibers are tailored by 
controlling the materials and processing parameters such as polymer and solvent types. 
The triaxial hollow fiber fabrication is achieved through using a nozzle containing 
concentric tubes which allows for the transport of different fluids to tip of the nozzle 
under the applied high voltage. In comparison to uniaxial electrospun fibers, the 
hollowness of electrospun fibers enables one to manufacture new reinforcing agents that 
can improve the specific strength of composites. It is shown that the mechanical 
properties of epoxy matrix composite incorporated with electrospun fibers as primary 
fiber reinforcement can be significantly tailored by properly selecting the wall materials, 
diameters, and the amount of electrospun fibers. We have also presented that triaxial 
electrospun hollow fibers as co-reinforcement in the glass fiber laminated epoxy matrix 
composites enhances the flexural modulus by 6.5 %, flexural strength by 14 %, the onset 
of  first layer of glass fabric failure strain by 12.5 % and final failure strain by 20%. 
3.1. Introduction 
Fiber reinforced advanced composites with thermosetting matrix have emerged as 
structural materials in applications such as wind turbines, construction, defense, 
aeronautics and aerospace due to their high strength, rigidity and light weight. The 
performance of fiber reinforced composites is mainly controlled by the strength of the 
fiber–matrix interface and the efficiency of load transfer from the matrix to the 
reinforcement fiber [51]. However, most of the fiber reinforced composites do suffer from 
inadequate interlaminar strength and low fracture toughness which may cause 
catastrophic failures without showing any external signs of the damage [52].  
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Recently, electrospun polymeric fibers with high surface area to volume ratio, 
tailorable surface functionality and excellent mechanical performance compared to 
microfibers of the same material have been considered as an efficient reinforcing material 
in design and fabrication of polymer matrix composites [53]. Electrospun fibers can be 
utilized as primary reinforcement as well as co-reinforcement in the presence of high 
performance microfibers such as glass and carbon fabrics [54, 55]. Dzenis et al. [56] 
pioneered the utilization of electrospun nanofibrous mat for improving the interlaminar 
fracture resistance, interlaminar toughness, strength and delamination resistance of 
laminated composite materials. Li et al. [57] used polysulfone electrospun mat interlayers 
to enhance interlaminar fracture toughness of carbon fiber/epoxy composite and reported 
that the electrospun fibers improve the fracture toughness more efficiently than films 
prepared by solvent method. In another work, the  electrospun polycarbonate nano-
interlayers inserted between the plies of laminated composite shifted the onset of 
delamination to higher stress level by 8.1 %, and decreased the numbers of microcracks 
at the delamination stress by 21.6 % and increased the ultimate strength by 9.8 % [58]. 
Zhang et al. [59] demonstrated interlayer toughening of carbon/epoxy composites by 
using polyetherketone cardo nanofiber membranes electrospun directly onto carbon 
fabrics. Their results showed that finer nanofiber stabilized the crack propagation during 
delamination thereby improving the flexure property. They also reported that the increase 
in the nanofiber interlayer thickness resulted in enhanced Mode I delamination fracture 
toughness and reduced flexure strength. Bilge et al. [60, 61] used chemistry tuned 
compatibility of Poly(styrene-co-glycidyl methacrylate) nanofibers with epoxy matrix 
and its ability to confine multi-walled carbon nanotube (MWCNTs) to increase both 
flexural strength and flexural modulus up to 25 % and 29 % respectively as well as 
enhancing the delamination resistance up to 70 % in carbon/epoxy laminated composite. 
On the other hand, several research groups have utilized electrospun fibers as 
primary reinforcing agents in thermosetting matrix. Gao et al. [62] integrated electrospun 
glass nano-fibers into dental composites to increase flexural strength, young modulus and 
fracture energy of specimens. Moreover, Lin et al. [63] utilized core–shell nanofibers with 
the high strength core and the shell with good adhesion to matrix through shell chains 
interpenetration and entanglement with the cross-linked matrix to create an in-situ nano-
interface in order to reinforce the Bis-GMA dental resin. The strength, Young’s modulus, 
26 
 
and work of failure were enhanced by 18.7 %, 14.1 % and 64.8 %, respectively. Ozden et 
al. [55] studied the reinforcing abilities of three different polymeric electrospun fiber to 
monitor the effect of glass transition temperature on stiffness of composites. When 
MWCNT is used as a reinforcing agent in electrospun poly(styrene-co-glycidyl 
methacrylate), a significant increase in flexural modulus was observed up to 20%  
compared to neat epoxy [53].  
In the present work, tri-axial hollow fibers with two different wall materials and 
novel architecture are fabricated by using multi-axial electrospinning. Two different 
polymers, namely,  polystyrene and polymethyl methacrylate, both of which are known 
to have high compatibility with epoxy matrix, are utilized as outer wall of electrospun 
fibers to improve the strength of the fiber–matrix interface and in turn to increase the 
efficiency of load transfer from the matrix to the fibers. The middle wall of electrospun 
fibers is fabricated from polyacrylamide (PAAm) having higher strength than the outer 
wall material to enhance the mechanical properties of electrospun fibers. Tri-axial hollow 
fibers with different morphology and diameter are produced by tailoring the materials and 
processing parameters [64]. Classical molding and vacuum infusion techniques are 
employed to produce hollow fiber reinforced composites. In classical molding process, 
the electrospun fiber is used as a primary reinforcement for the epoxy resin. The effect of 
fiber wall materials, fiber diameter, and fiber content on mechanical performance of 
epoxy composites is investigated by monitoring flexural properties. In vacuum infusion 
process, tri-axial electrospun fibers are deposited onto glass fibrous mats to form 
interlayers and the effect of the interlayers on the mechanical performance of laminated 
composites is studied extensively. 
3.2.  Experimental 
3.2.1. Materials 
Polymethyl methacrylate (PMMA) and Polystyrene (PS) (used as epoxy matrix 
compatible outer wall materials fibers) were synthesized by free radical polymerization 
of vinyl monomers (30 ml) in presence of Azobisisobutyronitrile (AIBN, 1 gr) as the 
radical initiator in the medium of tetrahydrofuran (THF, 50 ml) at 65°C for 4 h and then, 
the reaction mixture was precipitated in cold methanol and dried for 12 h in a vacuum 
oven at 50°C. Polyacrylamide (PAAm) as a water-soluble polymer (employed as high 
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strength inner wall material for fibers) was synthesized by dispersion polymerization of 
acrylamide monomer (30 g) in methanol (100 ml) by using AIBN (1 g) as an initiator at 
65°C. The separation of polymer particles from methanol and monomer mixture was done 
by vacuum filtration and twice washing the polymer particles with methanol and drying 
it for 12 h in a vacuum oven at 40°C. Molecular weight (Mw), polydispersity index (PDI), 
and glass transition temperature (Tg) of these polymers are presented in Table 1. The 
molecular weight and polydispersity index (PDI) of outer wall polymers were determined 
by Viscotek-VE2001 gel permeation chromatography (GPC) in DMF and the viscosity 
average molecular molecular weight of PAAm was measured by Mark–Houwink method. 
N, N-dimethyl formamide (DMF, Sigma-Aldrich, 99%), THF (Merck, 99%), and ethyl 
acetate (EA, Sigma-Aldrich, 99.5%) were used as solvents in solution preparation for 
electrospinning process. Araldite LY 564 resin, Hardener XB 3403 and 0/90 biaxial E-
glass stitched fabrics of  Metyx  company with the average weight of 313 g/m2 (161 g/m2 
along the  (0o) direction, and 142 g/m2 along the (900) direction) were used for the 
production of laminated composite.  
Table 3.1 Mw, PDI and Tg of outer wall polymers of electrospun fibers. *Viscosity 
averaged molecular weight (Mv) measured by Mark–Houwink method 
Polymer Tg (°C) Mw (g/mole) PDI 
PMMA 123 326000 3.2 
PS 103 313000 1.7 
PAAm* 189 87000* - 
 
3.2.2. Fabrication of electrospun tri-axial hollow fibers 
Electrospinning process was performed by using custom made tri-axial nozzle and 
electrospinning set-up purchased from Yflow Company. The outer and inner diameters 
of the outer and middle nozzles are respectively 2.28/1.7 mm, and 1.4/1.1 mm while a 
rod with diameter of 0.7 mm is used as inner part of electrospinning nozzle system to 
provide hollowness to the electrospun fiber. Prepared solutions for each wall were loaded 
independently into the syringes connected to a nozzle, and the flow rate of each wall 
material was controlled by separate pumps. The flow rate of outer wall was kept higher 
than that of middle wall in order to have a complete coverage of middle wall by the outer 
wall material where the flow rates of the outer and inner walls are respectively 20 µl/min 
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and 15 µl/min. Electrospinning process was performed using a fixed nozzle to collector 
distance of 7 cm and tuned applied voltage in the range of 5 kV to 30 kV to obtain stable 
Taylor cone. Figure  3.1 shows the schematic representation of tri-axial electrospinning 
set-up and process. 
 
Figure  3.1 Schematic representation of tri-axial electrospinning set-up. 
3.2.3.  Fabrication and characterization of fiber reinforced epoxy 
composites 
Two different composite production methods, namely, classical molding and 
vacuum infusion processes are utilized to prepare hollow-fiber reinforced composites. In 
the former method, appropriate amount of electrospun fibers are placed into Teflon 
moulds in such a way that the mold surface and height is uniformly covered, and then 
impregnated by the mixture of degassed resin and hardener system. Subsequently, 
vacuum oven is employed to remove the entrapped air bubbles from the resin and to cure 
the resin hardener mixture at 50°C for 15 h and post cure at 80°C for 24 h. The electrospun 
fiber reinforced molded samples have the length, the width, and the thickness of 100 mm, 
14 mm, and 3 mm respectively for three point bending tests. In order to investigate the 
effect of electrospun fiber on the mechanical properties of glass fiber reinforced epoxy 
matrix composite, tri-axial hollow fibers are initially deposited only on the 0° side of the 
90°/0° biaxial E-glass stitched fabrics, which are then stacked to form a laminate of 
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[(90°/0°)3]S. Upon stacking, the electrospun interlayer on the 0° side is shared with the 
90° side of the biaxial fabric. The stacked fabrics are impregnated by the epoxy resin after 
being degassed by vacuum infusion process to manufacture a composite panel with the 
dimensions of 30 cm × 20 cm × 0.25 cm. The stacking sequence of the plies together with 
the placement of interlayer, and the schematic of the resin infusion process are given in 
Figure  3.2 The weight fraction of the primary reinforcement is 60 wt % while the weight 
content of the electrospun fiber is 2 wt %. The volume fractions of glass fiber in the 
composite laminates were calculated by burning test as nearly 40 % of overall composites. 
The manufactured composite panel is cut to flexural and tensile test specimens with the 
dimensions of 8 cm × 1.5 cm × 0.25 cm, and 16 cm × 2 cm × 0.25 cm (with the gage 
length of 10 cm) respectively, which are then tested to evaluate their mechanical 
properties. To avoid the breakage of tensile specimens at grip locations, both ends of 
specimens are tabbed with an aluminum tab having a dimension of 3 cm × 2 cm × 0.1 cm 
using two-component room temperature curing epoxy system (araldite, 2011). Flexural 
and tensile tests are repeated three times for each type of specimens. 
 
Figure  3.2 A schematic representation of composite manufacturing by vacuum 
infusion, a) stacking sequence and the placement of the interlayer where the yellow 
region indicates the cut specimen for flexural and tensile tests, and b), the vacuum 
infusion system. 
A detailed fractographic analysis was carried out in order to identify the failure 





thickness. Both flexural and tensile test specimens are cut such that the length of the 
specimens is aligned with the direction of weft fibers as shown in Figure  3.2a where the 
yellow painted region illustrates the cut specimen for flexural and tensile tests. A specific 
custom-made apparatus is used to stabilize the displacement of composites after 3-point 
bending test [65] and then these specimens are directly immersed into the fast curing 
resin/hardener mixture and thus the specimens preserve the displacement after curing. 
Figure  3.3 represents step by step procedure followed for the preparation of samples for 
fractographic analysis. Figure  3.3a exhibits the cut specimen of the glass fiber reinforced 
composite modified by multi-walled hollow polymeric fibers and apparatus which is used 
in this characterization technique. In Figure  3.3b, specimen is fixed with desired 
displacement into the apparatus and in Figure  3.3c and 3.3d, the specimen fixed by the 
apparatus is immersed into the fast curing hardener and epoxy mixture to preserve the 
displacement after curing. Figure  3.3 e, 3.3f, 3.3g and 3.3h illustrate the specimen after 
the surrounding epoxy hardener mixture has been cured, and after the specimen is cut into 
the desired geometry for the next step. The cut specimen containing failure area of 3-
point bending specimen is polished and then coated with Au/Pd for SEM characterization 
(Figure  3.3i). 
 





The surface morphologies of fibers and cross sectional area of specimens after 
breakage were analyzed by a Leo Supra 35VP Field Emission Scanning Electron 
Microscope (SEM). The mechanical tests were conducted by using ZWICK Proline 100 
Universal Test Machine (UTM) with 10 and 100 kN load cells for 3-point bending and 
tensile tests, respectively using a constant cross-head speed of 2 mm/min. ASTM D790-
03 and ASTM D5083 – 02 standards are used for 3-point bending and tensile tests to 
measure mechanical properties of composite samples, respectively. Dynamic Mechanical 
Analyzer (Netzsch DMA 242 C) is used to analyze mechanical properties of the 
composite as a function of temperature, time and frequency. 
 
3.3. Results and discussion 
3.3.1.  Surface Morphologies of tri-axial hollow fibers 
Three different types of tri-axial hollow electrospun fiber were fabricated to 
investigate the effect of the type of outer layer polymer, and fibers diameter on the 
mechanical properties of composites, namely, PMMA/PAAm hollow fibers fabricated by 
using two different outer wall solvents (i.e., DMF, and EA) and PS/PAAm hollow fibers 
with the outer wall solvent of EA. Figure  3.4 exhibits the fiber morphology of tri-axial 
hollow electrospun fibers with outer wall of PMMA and PS and inner wall of PAAm. The 
effect of solvent type on fiber morphology during electrospinning process is also 
investigated. When DMF is used as an outer wall solvent in PMMA, the resulting fiber 
diameter is about 100 nm as shown in Figure  3.4a. On the other hand, higher vapor 
pressure of ethyl acetate (EA) as outer wall solvent in PMMA leads to the formation of 
fibers with diameter larger than 500 nm as can be seen in Figure  3.4b. As discussed in 
details in our previous paper [17], the polymeric jet of the outer wall solution prepared 
by using low vapor pressure solvent is subjected to the instabilities of electrospinning 
process at longer time and thus, the diameter of fibers is reduced before reaching the 
surface of the collector. On the other hand, the utilization of higher vapor pressure solvent 
results in faster drying of polymeric jet during electrospinning, thereby producing fibers 




Figure  3.4 SEM images of tri-axial hollow  electrospun fibers of (a) PMMA/PAAm 
fibers fabricated by outer wall solvent of DMF (b) PMMA/PAAm fibers fabricated by 
outer wall solvent of EA and (c) PS/PAAm fibers fabricated by outer wall solvent of 
EA. 
During the handling of the electrospun fiber mat, it was observed that increasing 
the solvent pressure makes fibers more brittle. This observation can be substantiated as 
follows. Note that multi-walled fibers with smaller and larger diameters produced by the 
same wall materials are expected to have the similar strain values at breakage. Defining 
the strain as d / r   where d is the fiber diameter and r  is the radius of curvature due 
to the bending, one can readily infer that the fiber having a larger diameter should break 
with the bigger radius of curvature hence giving rise to more brittle behavior whereas 
fibers with smaller diameter should be capable of being bent to smaller radius of 
curvature, thus evoking more bending capabilities. Figure  3.4c represents tri-axial hollow 
electrospun fiber with outer wall of PS and the diameter of these fibers is almost same as 
the one having the outer wall polymer of PMMA synthesized by EA solvent shown in 





3.3.2. Flexural properties of tri-axial hollow fiber reinforced composites 
3.3.2.1. The effect of outer wall material of tri-axial hollow fiber 
The interfacial interactions between outer wall of electrospun fiber and polymer 
matrix play a critical role to transfer the load from matrix to the reinforcing agent thus 
improving the mechanical properties of composite. Herein, different outer wall materials 
are used to tailor the interface properties of electrospun fibers and to provide the best 
possible interface between electrospun fibers and epoxy matrix. Figure  3.5 presents a 
comparison of stress-strain curves of electrospun fiber reinforced composite specimens 
and neat epoxy specimens. The flexural modulus of PS-PAAm tri-axial hollow fiber 
reinforced composite slightly increases while the brittleness of the specimens increases 
significantly which can be noted upon comparing the strains at fracture for PS-PAAm 
reinforced and neat specimens which are nearly 7±0.5 % and 14±0.3  %, respectively. 
Moreover, referring to flexural strengths of PS-PAAm tri-axial hollow fiber reinforced 
and neat specimens, which are respectively 79±0.5  MPa and 75±0.4 MPa, one can see 
that PS-PAAm tri-axial hollow fibers increase the load-bearing capacity of the matrix. 
The PMMA-PAAm tri-axial hollow fiber reinforced composite also shows an increase in 
flexural modulus and yield strength in comparison to specimens reinforced by PS-PAAm 
tri-axial hollow fibers. This can be attributed to better interfacial compatibility between 
the PMMA wall of electrospun fibers and epoxy matrix, which can be further elaborated 
as follows. As depicted in Figure  3.6, PMMA chains in outer shell of electrospun fibers 
are partially dissolved thereby interpenetrating into epoxy and hardener mixture, resulting 
in the entanglement of linear PMMA chains with the cross-linked matrix network and 
hence the formation of semi interpenetrating polymer network (semi-IPN) structure 





Figure  3.5 Flexural stress-strain curves of samples for neat epoxy and samples 
reinforced by 0.2 wt.% PS-PAAm and 0.2 wt.% PMMA-PAAm tri-axial hollow fibers. 
Both fibers are produced with the outer layer solvent of EA and inner layer solvent of 
water. 
 
Figure  3.6 Schematic representation of semi-IPN structure formation in PMMA-PAAm 
tri-axial hollow fiber reinforced composite: (a) PMMA-PAAm tri-axial hollow fiber, (b) 
partial dissolution of PMMA shell into the resin and hardener mixture and (c) semi-IPN 
structure. 
3.3.2.2. The effect of fiber diameter 
The diameter of electrospun reinforcing fibers is another critical parameter 
affecting the mechanical properties of the composite. In Figure  3.7 are provided stress-
strain curves for composites reinforced by PMMA-PAAm tri-axial hollow fibers of 
different diameters while keeping the electrospun fiber content constant for both cases at 
0.2 wt.%. PMMA-PAAm tri-axial hollow fibers with an average diameter of 100 nm 
increase the modulus of composite specimen up to 1.72±0.03 GPa which is significantly 
higher than the modulus of 1.44±0.02  GPa obtained for specimen reinforced by fibers 
with an average diameter of 500 nm. Moreover, electrospun fibers with an average 
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diameter of 100 nm increase flexural strength of specimens up to 91±0.4 MPa. This 
improvement in the flexural properties of composites is attributed to the increase in 
specific surface area of electrospun fibers due to the decrease in the diameter, which 
enhances the interactions between the electrospun fibers and the matrix thereby leading 
to better load transfer between them. On the other hand, finer electrospun fibers shift the 
failure strain to lower strain levels, which might be attributed to the increase in the number 
of interface in the composites that can act as crack initiation or stress concentration sites. 
 
Figure  3.7 Flexural stress-strain curves of neat epoxy sample and samples reinforced by 
PMMA-PAAm tri-axial hollow fibers with different fiber diameters. 
3.3.2.3. The effect of fiber content  
The effect of electrospun fiber amount on the flexural properties of specimens is 
also investigated by comparing two different fiber contents of 2 and 0.2 wt.%. Figure  3.8 
reveals an increase in flexural modulus of specimens even with low fiber content of 0.2 
wt.% whereas raising the fiber content to 2 wt.% further increases the modulus up to 
1.63±0.02  GPa from the value of 1.34±0.01 for neat epoxy specimens. The notable rise 
in the modulus upon increasing the fiber content is explained by augmenting the 
accessible interfaces between reinforcing electrospun fibers inside the specimens with 
epoxy matrix thereby leading to further load transfer to fibers and increasing the modulus. 
It is also observed that increasing the fiber amount changes the behavior of specimens 
from ductile to brittle behavior and specimens start to get damaged at lower strain levels, 
which again can be attributed to the increase in the number of interfaces possibly acting 
as crack initiation or stress concentration points. 
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Figure  3.8 Flexural stress-strain curves of neat epoxy specimen and specimens 
reinforced with 0.2 wt.% and 2 wt.% PS-PAAm tri-axial hollow fiber. 
Table 3.2 summarizes flexural strength and flexural modulus of hollow fibers reinforced 
composites in terms of percentages. The results show that hollow fibers with outer wall of PMMA 
and the fiber diameter of 100 nm significantly enhance flexural strength and flexural modulus of 
composite. 
Table 3.2 Improvements in the flexural strength and modulus of hollow fibers 










Fiber diameter (nm) 500 500 100 500 
Reinforcement amount (wt%) 0.2 0.2 0.2 2 
Flexural strength (MPa) 82±0.3 79±0.5 91±0.4 70.5±0.5 
Flexural strength improvement 
(%) 
9.3±1 5.3±1.2 21.3±1.2 -5.9±1.2 
Flexural modulus (GPa) 1.44±0.02   1.38±0.02 1.72±0.03 1.63±0.02   
Flexural modulus improvement 
(%) 
7.4±2.2 2.3±0.7 28.4±3.2 21.6±0.5 
 
3.3.3. Fracture surface analysis of hollow fiber reinforced composites 
Figure  3.9 gives SEM images for the fracture surfaces of neat epoxy samples and 
electrospun fiber reinforced composites subjected to 3-point bending tests. In general, the 
fracture surface of the electrospun fiber reinforced sample looks rougher and more 
fragmented than that of the neat one. Figure  3.9c exhibits the formation of semi-IPN 
structure around electrospun fibers, which increase the fiber diameter as well as covers 
the fiber with thick layer of cross-linked epoxy resin, thus providing higher interfacial 
interaction and load transfer between the electrospun fibers and epoxy matrix. Figure  
3.9d shows the breakage of electrospun fibers at failure area of specimen. 
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Figure  3.9 SEM images of fracture surface of specimens after 3-point bending tests, (a) 
Neat epoxy, (b) PMMA/PAAm tri-axial hollow fiber reinforced composite with the 
outer layer solvent of EA and (c, d) close up view for PMMA/PAAm tri-axial hollow 
fiber reinforced composite. 
3.3.4. Laminated glass fiber reinforced composites by hollow fibers 
In  
Figure  3.10, the flexural properties obtained from 3-point bending test shows minor 
enhancement in flexural modulus from 10.8±0.2 GPa for conventional glass fiber reinforced 
specimens up to 11.5±0.2 GPa for samples modified by PMMA-PAAm tri-axial hollow fibers 
interlayers electrospun with the outer wall solvent of DMF. As can be seen from  
Figure  3.10, there are some sudden changes in stress values at higher stress and strain 
ranges associated with failure of individual reinforcing glass fiber plies. The first sudden drop in 
the stress value is considered as the breakage of first layer of glass fibers. The presence of PMMA-
PAAm tri-axial hollow fibers interlayers improves the breakage strain of first layer of glass fibers 
by around 12.5 %. Furthermore, the complete failure of electrospun modified samples is shifted 
to higher strain level by nearly 20 %. The flexural strength of electrospun fiber integrated 





change in tensile properties between neat and electrospun interlayers integrated glass fiber 
reinforced epoxy composite specimens. The significant difference between the results of flexural 
and tensile tests might be attributed to the dissimilarity in the breakage mechanisms for the 
flexural and the tensile tests. During the flexural test, primary glass fibers are bent perpendicular 
to the direction of the applied force and in turn damaged leading to formation of cracks, which 
propagate across the plies of the primary reinforcement. The interlayers between the plies of the 
primary reinforcement stabilize the crack propagation through arresting cracks thereby giving rise 
to toughening. However, during tensile test, the direction of applied force is through the plane of 
matrix and cracks are formed transversely in the plane of plies and not across the plies, hence 
electrospun interlayers cannot act as efficient crack stabilizer. As well, the tensile strength of the 
electrospun fibers is significantly inferior to glass fibers. Thus, the contribution of the electrospun 
interlayer to axial load bearing capacity is negligible in comparison to primary glass fiber 
reinforcement. The current result of the tensile tests can alternatively be interpreted such that the 
interlayer does not imperil the tensile properties of composite structure through acting as defects 
at the interface regions of the composite laminas. 
 
Figure  3.10 Flexural stress-strain curves of glass fiber reinforced epoxy 





Figure  3.11 Tensile stress vs strain curves of glass fiber reinforced epoxy specimen and 
specimen modified by interlayers of tri-axial hollow fiber of PMMA/PAAm. 
3.3.5. Dynamic mechanical properties of glass fiber reinforced composites 
DMA analyzes the viscoelasticity of a material by applying a sinusoidal force or 
displacement and measuring the corresponding response. The storage modulus, E′, is 
proportional to the energy stored per cycle (elastic behavior) while the loss modulus, E", 
is associated with the dissipated energy per cycle (viscous behavior) [66]. Tan delta (δ) 
is a damping term which is defined as the ratio of the loss modulus to the storage modulus, 
and the temperature corresponding to the tan δ peak is often related to the glass transition 
temperature (Tg). Figure  3.12 shows DMA results of specimens with and without 
nanofiber interlayers. Referring to the tan δ curves of composites in this figure, Tg of 
composite specimen with nanofibers (Tg=73
oC) is greater than that of neat composite 
(Tg=66
oC). This increase stems from semi-IPN formed through the entanglement of linear 
PMMA chains having a Tg of 123°C with crosslinked epoxy matrix with lower Tg [67] 
since semi-IPN structure may restrict the segmental motion of the matrix leading to higher 
energy requirement for the glass transition [68]. The increase in Tg of the composite 
makes it also suitable for high temperature engineering applications. The significant 
increase in tan δ peak of nanofiber modified specimen might be attributed to the presence 
of thermoplastic nanofiber interlayers which experience increasing chain mobility at 
higher temperature. In addition, the storage modulus of specimen with nanofiber 
interlayers at glassy region (before Tg) is higher than the neat specimen since electrospun 
fibers provide strong interfacial adhesion between glass fibers and epoxy matrix, which 
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is also in agreement with the result of flexural tests at room temperature. The storage 
modulus of specimen laminated with nanofibers in rubbery region (after Tg) is lower than 
that of neat specimen due to the presence of thermoplastic polymeric hollow fibers at the 
interface of matrix and glass fibers and higher viscous behavior of these hollow fibers 
than thermoset matrix at elevated temperature. 
 
Figure  3.12 Tan δ and E′ curves of glass fiber reinforced specimens with and without 
nanofiber interlayers. 
3.3.6. Microscopic observation and failure mechanisms 
To investigate the failure mechanisms of composites, a fractographic analysis is 
performed on the cross section of flexural test specimens (bounded by length and the 
thickness). Figure  3.13 represents SEM images of cross-sectional areas of flexural test 
specimens after cutting and polishing steps. The cross section corresponds to the right 
hand side view of Figure  3.2a. Therefore, in the SEM images, the most outer fibers are 
parallel to the image plane. In these specimens, there are three distinct regions; namely, 
fibers oriented in a parallel manner to the cross section plane, fibers oriented 
perpendicularly to cross section plane and matrix rich regions. Figure  3.13a demonstrates 
the cross section of neat glass fiber reinforced specimen before applying any force or 
displacement and Figure  3.13b presents a close up view for the boxed region in Figure  
3.13a., 3.13c and 3.13d exhibit the cross section of specimens laminated with triaxial 
hollow fibers before bending. SEM images of both specimens before the application of 
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flexural force confirm that fibers are satisfactorily wetted by matrix. The failure behaviors 
of both neat specimen and specimen with triaxial hollow fibers after bending are shown 
in Figure  3.13e-i. In Figure  3.13e and 3.13f, only the first outer layer (specimen surface 
at the support side) of the neat specimen is broken down after bending. On the other hand, 
higher stress is required to break down the layers of specimen laminated with triaxial 
hollow fibers and after bending, cracks start at both inner (Figure 13h) and outer layers, 
and the crack initiated at outer layer (Figure 13i) propagates towards inner layers (Figure 
13g). 
 
Figure  3.13 SEM images of cross-sectional area of (a, b) glass fiber reinforced 
epoxy specimen without nanofiber interlayers before applying load, (c, d)  glass fiber 
reinforced epoxy specimen modified by nanofiber interlayers before applying load, (e, f) 
glass fiber reinforced specimen without nanofiber interlayers after bending, (g, h, i) glass fiber 










Novel architecture of tri-axial electrospun hollow fibers with controlled diameter 
and morphology is fabricated by multi axial electrospinning technique. The effect of 
electrospun fibers with different wall materials, morphology, diameter and fiber content 
on the mechanical performance of composite specimens is studied. Two different 
composite production techniques which are casting onto a Teflon mould and vacuum 
infusion are applied to produce composite structures. Some of the most important findings 
of the current study might be concisely summarized as;    
Electrospun fibers with PMMA outer shell enhance the flexural modulus and 
strength without affecting the toughness of samples whereas PS outer wall enhance the 
flexural modulus and strength at the expense of reducing the toughness.  
Specimens reinforced by finer electrospun fibers show higher enhancement in 
flexural modulus at the price of shifting the failure strain to lower strain levels.  
The increase in the amount of electrospun fibers augments accessible interfaces 
between reinforcing electrospun fibers and epoxy matrix in composites, thereby 
improving load transfer capability and in turn the flexural modulus of the composites. 
However, the associated increase in the stress concentration points due to the higher 
number of interfaces degrade the flexural strength as well as strain at breakage.  
The utilization of PMMA-PAAm hollow fiber as inter layers of glass fiber 
laminated composites, enhances the flexural modulus by 6.5 %, flexural strength by 14 
%, the onset of  first layer of glass fabric failure strain by 12.5 % and final failure strain 
by 20%. DMA results for glass fiber reinforced specimens laminated with nanofiber 
interlayers show 7°C increase in Tg in comparison to neat specimens. Especially, these 
improvements in conventional glass fiber composites open up new way to produce more 
reliable and long-lasting composites. Consequently, hollow fiber reinforcement is a 
promising material for the production of advance composites with ultra lightweight, 
multi-functionality and an improved structural performance.  
The future studies will involve the integration of nanoparticles into the outer layer 
of multi-walled hollow fibers to further enhance the performance of epoxy composites. 
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Also, the desired materials can be encapsulated inside hollow the fibers in a single step 
during electrospinning process which will bring additional functionalities into epoxy 




CHAPTER 4. REPEATED SELF-HEALING OF NANO AND MICRON SCALE 
CRACKS IN EPOXY BASED COMPOSITES BY TRI-AXIAL 
ELECTROSPUN FIBERS INCLUDING DIFFERENT HEALING AGENTS 
Multi-walled healing fibers with a novel architecture are fabricated through a 
direct, one-step tri-axial electrospinning process to encapsulate different healing agents 
inside the fibers with two distinct protective walls. Self healing systems based on ring 
opening metathesis polymerization (ROMP) and amine-epoxy reaction are redesigned by 
utilizing these tri-axial fibers. In ROMP, Grubbs’ catalyst are integrated in the outer wall 
of fibers instead of the composite matrix to reduce catalyst amount and prevent its 
deactivation during composite production. In amine-epoxy healing system, epoxy resin 
and amine-based curing agent are encapsulated separately by a multi-axial 
electrospinning. The presence of an extra layer facilitates the encapsulation of amine 
based healing agents with a high active nature and extends the efficiency and life-time of 
healing functionality. These new self-healing designs bring repeated self healing ability 
to preserve the mechanical properties of composite by repairing micron and nano-scale 
cracks under high loadings. 
4.1. Introduction 
Embedding reinforcing fibers into the polymeric matrix is the most common way 
to improve the structural performance (i.e., specific strength and stiffness, among others) 
of polymeric materials [3]. However, the reinforced polymeric materials (composites in 
general term) are inherently susceptible to crack initiation and subsequent growth under 
external loads due to their heterogeneous structure, which unavoidably leads to a gradual 
degradation in mechanical properties of composites as a function of time [4, 5]. In order 
to circumvent this issue, it would be a prudent approach to use reinforcing fibers with 
healing/repairing agent(s) in composite materials [6]. Reinforcing fibers with an healing 
functionality can improve the mechanical properties of composites, prolong their 
effective lifetime and expand their capabilities for more advance applications [7]. Inspired 
by autonomous healing of wounds in living biological systems, scientist and engineers 
have been in constant search of methods to develop smart materials with self healing 
capability [8]. One practical approach is based on the delivery of encapsulated liquid 
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agent into fractured areas whereby the mechanical properties of the damaged polymeric 
material can be partially or fully restored by repairing micro cracks [69, 70]. In literature, 
one may uncover several studies with focus of developing better encapsulation techniques 
which brings about improved self-healing efficiency of polymeric composite [71]. In one 
of these studies, Motuku et al. [72] demonstrated that the lower impact energy of hollow 
glass fiber facilitated the rupture of healing fibers and consequently the release of healing 
agent in micro- and macro-cracks in comparison to copper and aluminum hollow fibers. 
It should be noted that the presence of these hollow glass fibers in matrix reduces the 
initial strength of material albeit an increase in damage tolerance and residual strength of 
composite structure [73]. In addition, filling diminutive hollowness of fibers with a 
healing agent is not a trivial step in the production of these kinds of self-healing fibers [6, 
74, 75]. At this point, core-shell or co-axial electrospinning can be deemed as a promising, 
versatile, one-step, and efficient technique to encapsulate a broad range of materials in 
multi-walled nano/micro fibers with a controllable diameter, wall thickness, mechanical 
properties and surface morphology [76]. In this process, an electric potential difference 
is created between a collector and a concentric metallic nozzle which host polymeric 
solution as a shell material in the outer tube and a liquid to be encapsulated as a core 
material in the inner tube. Due to the electrohydrodynamic forces, both encapsulant and 
the core fluids are coaxially extruded though the tip of the nozzle in the form of a jet 
moving towards the collector while undergoing bending instabilities, whipping motions 
and diameter reduction, and reach at the collector as co-axial electrospun fibers with 
encapsulated core liquid and with a diameter ranging from several nanometers to 
micrometers [77]. In the core-shell electrospinning, the outer shell is required to be a 
polymeric solution with viscoelastic properties, but the core solution can be either 
viscoelastic or Newtonian liquids [78]. The encapsulation by co-axial electrospinning 
technique is a physical phenomenon and relies on the physical forces and interactions 
which eliminate the need for chemically complex and expensive encapsulation methods, 
and brings a new insight into the design and chemistry of self-healing fibers [79, 80]. Park 
et al. [81] encapsulated polysiloxane-based healing agents into a poly(vinyl-pyrrolidone) 
coaxial electrospun beads with the diameters of 2 to 10 µm, which were obtained 
randomly on electrospun nano-fibers. Moreover, Mitchell et al. [82] obtained beads with 
the average diameter of 1.97 µm on the nano fibers with the diameter of 235 nm during 
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coaxial electrospinning of poly(vinyl alcohol) as a shell and epoxy resin as a healing 
agent.  
The critical point in fiber based healing systems is continuous and repetitive 
release of healing agent into the damaged area, but fibers including beads do not provide 
this continuity and thus uniformity in fiber structure carries a significant importance to 
increase self-healing degree. Therefore, Sinha-Ray et al. [76] employed three different 
techniques (i.e., co-electrospinning, emulsion electrospinning and emulsion solution 
blowing) to encapsulate healing agents of dicyclopentadiene (DCPD) and isophorone 
diisocyanate into vascular network like core shell fibers produced by polyacrylonitrile 
(PAN) in the diameter range of micrometers. The integration of DCPD encapsulated 
coaxial electrospun PAN fibers into hybrid multi-scale high-strength carbon fiber/epoxy 
composites as a self healing interlayer restores the toughness of structure due to the self 
healing functionality [83]. 
The chemistry of vascular based self-healing composite materials directly affects 
the stability and life-time of monomer during composite manufacturing process, 
polymerization kinetics, the delivery of healing agents, mechanical properties of the 
newly formed polymer as well as its compatibility with matrix [84]. However, there are 
a limited number of self-healing chemistries to initiate the polymerization in the crack 
area. Ring opening metathesis polymerization (ROMP) is one of the well-known self-
healing systems in which bicyclic monomers such as norbornene derivatives release 
inside the crack and react with the catalyst that is deposited in the matrix through living 
polymerization in order to recover the mechanical properties of composite matrix [8, 85-
88]. An innovative work in this field was conducted by White et al. [8] who introduced 
ROMP of DCPD monomers in the presence of Grubbs’ catalyst as a healing motif in 
epoxy matrix. In this approach, crack propagation ruptures micro-capsules containing 
DCPD monomers and then monomers release inside the crack and react with the pre-
dispersed Grubbs’ catalyst within matrix and a solid, highly cross-linked polymer, is 
formed by ROMP reaction.  
In spite of exceptional properties of DCPD and Grubbs’ catalyst as a healing 
system such as long shelf-life, low viscosity of healing agent as well as good mechanical 
properties of the resulting polymer [88], this system suffers from the deactivation of 
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Grubbs’ catalyst upon exposure to air [89] and at high temperature [90], and in the 
presence of diethylenetriamine which is used as a curing agent of epoxy matrix [91].  As 
an alternative to DCPD monomer, many efforts have been devoted to the development of 
self-healing chemistry by using epoxy as a repairing agent which is chemically and 
physically more compatible to host matrix than DCPD [92, 93]. Epoxy resin is considered 
as a promising candidate to reduce the cost of self-healing material production and 
improve self-healing efficiency by increasing the compatibility with the matrix. Yin et. 
al. [92] produced self-healing woven glass fabric/epoxy composites including epoxy-
loaded urea formaldehyde microcapsules fabricated by emulsion polymerization and 
cupper based metal catalysts as a latent hardener embedded in the host matrix. In another 
work, instead of using a metal catalyst as a hardener, amine solution was filled inside 
hollow glass bubbles by a vacuum assisted method and these capsules together with 
microcapsules containing epoxy solution are concurrently integrated into a matrix for the 
production of self-healing composites [94, 95].  
There are only a few published studies on the encapsulation of hardener inside 
polymeric shells for curing epoxy healing agent thus repairing the damaged area in the 
matrix.[96, 97] To the authors' knowledge, the encapsulation of epoxy and its hardener 
by multi-axial electrospinning technique and determination of the self-healing degree of 
composites including these healing agents have not been reported yet. To this end, in the 
first part of the present study, DCPD as a healing agent is encapsulated inside electrospun 
fibers constituting two different polymeric layers with dissimilar hydrophilicity, namely, 
polyacrylamide (PAAm) as an inner layer and polymethyl methacrylate (PMMA) 
containing metal catalysts as an outer layer. The low affinity between the inner wall 
polymer and encapsulated healing agent within the core of fibers limits the interaction of 
healing agent with its surrounding media and decreases the diffusion rate of healing agent 
through the wall of fiber hence extending the efficiency and lifetime of healing 
functionality of fibers. Moreover, the presence of inner layer, PAAm, prevents the direct 
contact between the catalysts and DCPD healing agent in core part of fiber. The 
integration of catalyst particles in outer layer of fibers instead of the composite matrix 
reduces the required amount of this expensive and toxic catalyst, prevents the deactivation 
of catalyst during the manufacturing process and its service life and more importantly, 
guarantees the presence of catalyst in the crack area to initiate the polymerization of self-
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healing agent released from fibers. In the second part of this work, epoxy resin and amine-
based curing agent are encapsulated separately by multi-axial electrospinning and these 
produced fibers are embedded into composite matrix to measure their self-healing 
efficiency. The viscosity of epoxy resin inside multi-axial fibers is optimized at different 
diluent ratios for the effective encapsulation and enhancing self-healing. In addition, the 
effect of fiber diameter and the type of self-healing agent (DCPD monomer and epoxy 
resin) on the self-healing properties of the produced composites is investigated by 
comparing the modulus reduction values by conducting multiple healing cycles. 
4.2. Experimental 
4.2.1. Materials 
 Materials used are Methyl methacrylate (SAFC, 98.5%), styrene (SAFC, 99%), 
glycidyl methacrylate (Aldrich, 97%), Azobisisobutyronitrile (AIBN, Fluka, 98%), 
acrylamide (Sigma, 99%), N, N dimethyl formamide (DMF, Sigma-Aldrich, 99%), 
methanol (Sigma-Aldrich, 99.7%), tetrahydrofuran (THF, Merck, 99%), ethyl acetate 
(EA, Sigma-Aldrich, 99.5%), dicyclopentadiene (DCPD, Merck), Grubbs' catalyst (2nd 
Generation, Aldrich), acetone (Aldrich, 99.5%), Disperse Red 1 (Fluka), LY 564 resin, 
and Hardener XB 3403 (Huntsman). 
4.2.2. Synthesis of Layer Materials 
Polymethyl methacrylate (PMMA), polystyrene (PS) and poly(glycidyl 
methacrylate-co-styrene) as outer layer material of fibers was synthesized by free radical 
polymerization of vinyl monomers (30 ml) in the presence of AIBN (1 g) as a radical 
initiator in the medium of THF (50 ml) at 65°C. Polymerization reaction was carried out 
for 4 h and then the reaction mixture was precipitated in cold methanol and dried for 12 
h in a vacuum oven at 50°C. Polyacrylamide (PAAm) as a hydrophilic polymer and inner 
layer material was synthesized by dispersion polymerization of acrylamide monomer (30 
g) in methanol (100 ml) by using AIBN (1 g) as an initiator at 65°C. Separation of 
polymer from methanol and unreacted monomer was done by vacuum filtration and 
washing twice with methanol and drying for 12 h in a vacuum oven at 40°C.  
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4.2.3. Multi-Axial Electrospinning 
 Tri-axial fibers are produced at ambient room conditions by using a multi-axial 
electrospinning set-up purchased from Yflow Company with a custom-made tri-axial 
nozzle. Figure  4.1. shows the schematic representation of multi-axial electrospinning 
process that can produce double walled electrospun fibers with a healing agent as a core 
material. All fibers were electrospun with a nozzle to collector distance of 7 cm by tuning 
the applied voltage in the range of 5 kV to 30 kV. Solutions are loaded independently into 
the syringes connected to concentric nozzles, and the flow rate of each layer is controlled 
by separate pumps. The flow rates of solutions for the outer and inner layers and the core 
are 20 µl/min, 15 µl/min and 10 µl/min, respectively. 
 
Figure  4.1 A schematic representation for the multi-axial electrospinning set-up. 
4.2.4. Fabrication of Fiber Reinforced Epoxy Composites 
Classical molding technique is utilized to prepare fiber reinforced composites. In 
this method, 2 wt % multiaxial electrospun hollow fibers and healing fibers with the same 
hollow fiber content (i.e., excluding the weight of the healing agent) were uniformly laid 
down into a Teflon mold and then impregnated by the mixture of degassed resin and 
hardener system. Subsequently, the mold is placed in a vacuum oven to remove entrapped 
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air bubbles and to cure the resin-hardener mixture at 70°C for 5 days. Electrospun fiber 
reinforced specimens for three point bending tests have the dimensions of 100x14x3 mm. 
4.2.5. Characterization 
The properties of polymers used as layers of electrospun fibers were characterized 
in detail using Nuclear Magnetic Resonance (NMR) for chemical structure, Gel 
Permeation Chromatography (GPC) for molecular weight and polydispersity index, 
Differential Scanning Calorimeter (DSC) for determining glass transition temperature 
and Thermal Gravimetric Analyzer (TGA) for thermal decomposition in our previous 
studies [17, 19] and hence were not given here again to avoid redundancy. The functional 
groups of polymers and fibers were analyzed by Netzsch Fourier Transform Infrared 
Spectroscopy (FTIR). The surface morphologies of fibers were analyzed by a Leo Supra 
35VP Field Emission Scanning Electron Microscope (SEM) and JEOL 2100 Lab6 High 
Resolution Transmission Electron Microscopy (TEM). Rheological analyses were 
performed by using a rotational rheometer (Malvern Bohlin CVO). Gel contents of the 
cured neat specimens were determined by Soxhlet extraction for 24 h using THF. The 
extracted samples were vacuum dried at 80°C until achieving a constant weight. Three 
point flexural tests on composite specimens were performed by using ZWICK Proline 
100 Universal Test Machine (UTM) with 10 kN load cell using a constant cross-head 
speed of 1 mm/min. 
4.3. Results and Discussion 
4.3.1. Fabrication of Multi-Walled Healing Fiber 
In our previous study, we have performed a systematical optimization study to 
produce tri-axial hollow electrospun fibers with tunable fiber diameters and surface 
morphologies [17] and demonstrated that the use of solvents with a higher vapor pressure 
(i.e., THF) resulted in fibers with larger diameters whereas solvents with a lower vapor 
pressure (i.e., EA and DMF) led to fibers with smaller diameters. In the present study, for 
self-healing application, healing agent encapsulated tri-axial fibers having different fiber 
diameters and surface morphologies were fabricated following the systematic in given 
[17]. This method enables the encapsulation of different types of healing agents within 
electrospun fibers with different outer wall materials and tailorable interfacial properties 
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whereby the fabrication of healing fibers with a novel architecture becomes possible. 
Self-healing mechanisms of tri-axial fibers in composite matrix are investigated by 
applying two different chemistries: ring opening metathesis polymerization (ROMP) and 
amine-epoxy reaction. 
4.3.2. Fabrication of Self-Healing Multi-Walled Fibers Based on ROMP 
In literature, it was reported that the healing system based on the ring-opening 
metathesis polymerization (ROMP) of DCPD monomer with a very low viscosity and a 
low surface energy catalyzed by Grubbs' catalyst repairs damaged areas through restoring 
the mechanical properties of composite matrix and consequently fulfills requirements 
expected by an ideal self-healing system [98, 99]. In order to obtain multi-axial fibers 
with healing functionality, DCPD is encapsulated as a core material inside the tri-axial 
fibers having different outer layer polymers that are compatible with epoxy matrix, and a 
hydrophobic middle layer that provides an inert media for DCPD monomer inside the 
fibers. In literature, metal-based catalytic curing agents (i.e., solid-phase reagents) such 
as Grubbs’ catalyst are commonly mixed with epoxy resin to act as a self-healing agent 
initiator and promote ring-opening polymerization of encapsulated DCPD [100]. 
However, Grubbs’ catalyst is not cost-effective for the production of a large-scale self-
healing composite. Therefore, in the present study, following an alternative approach, 
catalyst particles were dispersed into the outer layer polymer of electrospun fibers before 
the electrospinning process in order to minimize the use of catalyst in the composite 
structure as well as provide a direct contact of catalyst with monomer in the nearest region 
of the crack. The presence of organic groups in the structure of catalyst makes this 
organometallic catalyst highly compatible and soluble within several solvents used for 
the preparation of fibers outer layer. Once the catalyst powder is dissolved in the solvent, 
it acquires molecular scale thereby being homogeneously distributed in the outer layer of 
tri-axial fibers. This reduces the catalyst amount used in the preparation of self-healing 
composite and thus offers a cost effective production. Figure  4.2 exhibits SEM images 







Figure  4.2 (a) and (b) SEM images of as received Grubbs’ catalyst at different 
magnifications. 
PMMA, PS and poly(glycidyl methacrylate-co-styrene) are chosen as outer wall 
polymers of electrospun fibers due to their interfacial compatibility with epoxy matrix. 
The interfacial interactions between outer wall of electrospun fiber and polymer matrix 
play a critical role in load transfer from matrix to the fibers and thus improve the 
mechanical properties of composite [101]. In our previous work, we have shown that the 
integration of multi-walled hollow fibers with outer layer of PMMA and the diameter of 
100 nm into epoxy matrix improves the flexural modulus by 28 %, and flexural strength 
by 21% [19]. Mechanical improvement in electrospun fiber reinforced epoxy specimens 
can be explained by the interpenetration of partially dissolved PMMA chains into epoxy 
and hardener mixture, resulting in the entanglement of linear PMMA chains with the 
cross-linked matrix network and thus the formation of semi interpenetrating polymer 
network (semi-IPN) structure which improves load transfer between matrix and 
electrospun fibers.[19] Therefore, self-healing functionality is selectively added to these 
electrospun fibers through encapsulating the healing agent therein by adjusting fiber 
diameter by using different solvents. Figure  4.3a exhibits SEM image of 
PMMA/PAAm/DCPD tri-axial electrospun fibers with diameters over 2 µm which are 
produced using PMMA solution in THF as an outer wall and PAAm solution in water as 
a middle wall. Similarly, SEM images given in Figure  4.3b and 3.3c present 
PMMA/PAAm/DCPD tri-axial fibers that are fabricated using PMMA solution in EA and 
DMF as outer wall thereby bring about fibers with diameters of 1 µm and 200 nm, 
respectively. Healing fibers with larger diameters are expected to contain higher amount 
of healing agent per unit length of fibers in comparison to that with lower diameter. 
However, given that the flow rate ratio is kept constant for all experiments, the amount 
of healing agent in fibers with different diameters is the same per weight unit of fibers. 
All SEM images in Figure  4.3 reveal that PMMA as the outer wall covers the interior 
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layer uniformly and continuous fibers without any bead formation are successfully 
obtained. Furthermore, the solvent type directly affects the surface morphology and 
porosity of the fibers by due to the thermodynamic instabilities and associated phase 








Figure  4.3 SEM images of PMMA/PAAm/DCPD tri-axial healing fibers fabricated 






Figure  4.4 SEM images of (a) PS/PAAm/DCPD and (b) poly(glycidyl methacrylate-co-
styrene)/PAAm/DCPD tri-axial healing fibers, which are manufactured using EA as an 
outer wall solvent. 
In the course of obtaining an ideal fiber morphology containing DCPD monomer, 
PS and poly(glycidyl methacrylate-co-styrene) polymers were also used as outer layers 
of tri-axial fibers. Figure  4.4a exhibits SEM images of PS/PAAm/DCPD tri-axial fibers 
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and the breakage area of this fiber and middle layer are seen clearly that confirms the 
formation of multi-layer fiber morphology. Figure  4.4b represents poly(glycidyl 
methacrylate-co-styrene)/PAAm/DCPD tri-axial fibers fabricated using an outer layer 
solution prepared in EA and with the diameter of around 1 µm. 
To study the self healing efficiency of multi-walled fibers with encapsulated 
healing agent in a host material, epoxy resin system is reinforced by multi-walled fibers 
with and without encapsulated healing agent. To ensure that both fiber types have similar 
influence on the matrix in terms of crack formation due to their presence, their diameters 
are controlled to be as uniform as possible. Figure  4.5a and 4.5b yield multi-walled 
hollow fibers of PMMA/PAAm with the outer wall material’s solution prepared in DMF 
and EA, respectively. It is seen that the morphology and diameter of these fibers are very 
similar to the fibers including DCPD shown in Figure  4.3b and 4.3c, indicating that the 
encapsulation of DCPD does not affect the fiber structure. To reveal ordered layer 
formation in fibers, the morphologies of walls with DCPD monomer were analyzed by 
TEM technique. Figure  4.6a and 4.6b exhibit PMMA/PAAm/DCPD tri-axial healing 
fibers prepared using the outer layer solvent of DMF. In order to reveal the presence of 
the healing agent inside the electrospun fibers, DCPD is initially mixed with a specific 
dye (Disperse Red 1) which hinders the passage of electrons through fibers thereby 
resulting in the formation of dark regions in the core of the fibers and the bright regions 
at the edges corresponding to the polymeric shells on the TEM images. Figure  4.6b 
clearly indicates that the end of the fiber is completely closed by outer layer, which 
implies that healing agents are completely confined inside fiber structure and only 
ruptured fibers can release the encapsulated healing agent in the core of the fibers. TEM 
image of PMMA/PAAm tri-axial hollow fiber prepared by outer layer solvent of EA in 









Figure  4.5 SEM images of PMMA/PAAm tri-axial hollow electrospun fibers fabricated 








Figure  4.6 TEM images of (a, b) PMMA/PAAm/DCPD tri-axial healing fibers 
fabricated using DMF as an outer layer solvent, and (c) PMMA/PAAm tri-axial hollow 
fiber electrospun through using EA as an outer layer solvent. 
Figure  4.7a and 4.7b respectively gives images obtained using 
cathodoluminescence (CL) and coupled secondary electron (SE) for PS/PAAm/DCPD 
tri-axial healing fibers prepared using DMF as an outer layer solvent. The addition of dye 
into the healing agent provides an opportunity to have a complete map of healing agent 
distribution in fibers due to cathodoluminescence effect. In Figure  4.7a, brighter fibers 
contain self-healing agent whereas darker fibers are empty and do not have any dye in the 
core of fibers, which confirms the presence of healing agent inside the most of electrospun 




Figure  4.7 (a) Cathodoluminescence and (b) secondary electron coupled SEM images 
of PS/PAAm/DCPD tri-axial electrospun fibers. 
Moreover, FTIR analysis was performed to confirm successful encapsulation of 
healing agent into the multi-walled fibers through identifying the characteristic peak 
groups of different wall materials and healing agents. Figure  4.8a shows FTIR spectra of 
DCPD, PMMA/PAAm tri-axial hollow fiber and PMMA/PAAm/DCPD tri-axial fiber. 
Liquid DCPD monomer prior to encapsulation gives intense and sharp peaks at 725 cm-1 
and 740 cm-1 representing CH=CH bending modes, peak at 3045 cm−1 belonging to C=C 
stretching vibration, peak at 2961 cm−1 owing to C–H stretching vibrations, and peak at 
about 1340 cm−1 corresponding to =C–H bending vibration.[102] In the FTIR spectra of 
electrospun PMMA/PAAm tri-axial hollow fibers in Figure  4.8a, the absorption bands at 
2950 cm-1 and 1745 cm-1 belong to C-H and C=O stretchings of PMMA polymer, 
respectively.[46] The FTIR spectra of PS/PAAm tri-axial hollow fiber and 
PS/PAAm/DCPD tri-axial fiber in Figure  4.8b show absorption bands at 3024 cm-1 and 
2848 cm-1 corresponding to aromatic and aliphatic C-H stretchings of outer wall of PS as 
well as the peaks at 1600 cm-1 and 1492 cm-1 assigned to aromatic C=C stretchings of this 
polymer. FTIR spectrum of poly(glycidyl methacrylate-co-styrene) used as an outer wall 
in Figure  4.8c confirms aromatic peaks of styrene and carbonyl group of glycidyl 
methacrylate at around 1700 cm-1, the peak of oxirane group at 910 cm−1 and the peaks 
of C–O stretching of ester group in the structure of glycidyl methacrylate at 1140 cm−1 
and 1260 cm−1.[103] In addition, asymmetric and symmetric NH stretching of NH2 at 
around 3300 cm−1 corresponds to PAAm polymer as a middle wall of all fibers [47]. To 
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reiterate, the peaks related to outer and middle wall materials and the characteristic peaks 
of DCPD monomer are observed in three FTIR spectra of electrospun healing tri-axial 
fibers, which bespeak a successful encapsulation of healing agents in electrospun fibers 
with different outer wall materials. 
4.3.3. Fabrication of Self-Healing Multi-Walled Fibers Based on Amine–
Epoxy Reaction 
Due to its reactivity with several curing agents and hardeners at different 
temperature, excellent adhesion to epoxy matrix, corrosion and chemical resistance, and 
low curing shrinkage, bisphenol A diglycidyl ether (epoxy resin) can be deemed as 
versatile healing agent for a wide range of composite materials. However, a direct use of 
epoxy resin as a healing agent is not practical due to its relatively high viscosity that 
makes the encapsulation process very hard as well as prevents the flow of the healing 
agent into the micro-cracks owing to capillarity once the healing fibers or capsules are 
damaged. To reduce the viscosity and in turn facilitate the encapsulation process, epoxy 
based healing agent can be diluted in acetone. The excessive addition of acetone into 
epoxy may reduce the mechanical performance of cured polymer. Hence, it is prudent to 
keep the amount of acetone used for dilution process at minimum level. In literature, it 
was reported that mechanical properties of cured epoxy initially diluted using 20 wt.% of 
acetone is basically remained the same as that of cured virgin epoxy resin, which indicates 
that the appropriately diluted epoxy resin can be easily encapsulated in electrospinning 
process [104] and be effectively used as self healing agent. In the present study, for easy 
encapsulation, the viscosity of epoxy based healing agent is also adjusted using acetone. 
To this end, the viscosity of epoxy resin and acetone mixtures with different ratios was 
measured by rotational viscometer. Figure  4.9 exhibits the normalized viscosity of 
epoxy-acetone mixtures having different ratios with respect to pure epoxy. It is seen that 
the addition of 20 wt.% acetone into high viscosity epoxy resin causes a dramatic decrease 
in the viscosity of epoxy; however, further increasing the amount of acetone in the 















































Figure  4.8 FTIR spectra of  (a) DCPD, PMMA/PAAm tri-axial hollow fiber and 
PMMA/PAAm/DCPD tri-axial fiber, (b) DCPD, PS/PAAm tri-axial hollow fiber and 
PS/PAAm/DCPD tri-axial fiber, (c) DCPD, poly(St-co-GMA)/PAAm tri-axial hollow 
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fiber and poly(St-co-GMA)/PAAm/DCP tri-axial fiber. (d) the chemical structure of 
polymers and DCPD. 
 
Figure  4.9 The change in the viscosity of epoxy resin as a function of volume 
percentage of acetone 
 
Figure  4.10 represents SEM images of tri-axial electrospun fibers used as healing 
reinforcement in epoxy matrix. SEM images of PMMA/PAAm/Hardener tri-axial fibers 
given in Figure  4.10a and 4.10b show hollowness of fibers after breakage and the release 
of hardener. Figure  4.10c and 4.1d exhibit the multi-layered structure of 
PMMA/PAAm/Epoxy tri-axial fibers. In order to start self-healing mechanism in the 
matrix after the breakage, hardener and epoxy should be encapsulated separately and the 
fibers should be brittle under high loadings. Figure  4.10e and 4.10f present TEM images 
of tri-axial fibers of PMMA/PAAm/Hardener and PMMA/PAAm/Epoxy with outer layer 
solvent of EA in which dark regions in the core of the fibers are due to healing agents 
while the bright regions at the boundaries correspond to the polymeric shells. 
 

































Figure  4.10 (a, b) SEM images and (e) TEM image of PMMA/PAAm/hardener tri-axial 
fiber with 20 wt% PMMA in EA solution as an outer wall, 20 wt% PAAm in water as a 
middle wall and hardener as a core material (c, d) SEM images and (f) TEM image of 
PMMA/PAAm/epoxy tri-axial fiber with 20 wt% PMMA in EA solution as an outer 
wall, 20 wt% PAAm in water as a middle wall and epoxy-acetone 8:2 mixture as a core 
material. 
FTIR analysis of these tri-axial fibers confirms the presence of encapsulated 
hardener and epoxy inside the fiber structure. Figure  4.11a shows FTIR spectra of 
hardener, PMMA/PAAm tri-axial hollow fiber and PMMA/PAAm/hardener tri-axial 
fiber. In tri-axial fiber containing hardener, the peak at 1592 cm−1 corresponds to N–H 
bending vibration and strong peak at 1150 cm−1 belongs to C-N stretching that confirms 
the presence of amine based hardener in the fibers structure [105]. Figure  4.11b exhibits 
the FTIR spectra of epoxy resin, PMMA/PAAm tri-axial hollow fiber and 
PMMA/PAAm/epoxy tri-axial fibers. In these spectra, the peaks at 815 cm−1 and 
840 cm−1 belonging to oxirane groups verify the presence of epoxy resin in tri-axial fiber 
structure. After the encapsulation of hardener and epoxy inside tri-axial fiber, the 
characteristic peaks belonging to PMMA and PAAm are observed in each case and the 
fingerprints of these polymers are similar to fibers containing DCPD monomer that we 







Figure  4.11 FTIR spectra of (a) hardener, PMMA/PAAm tri-axial hollow fiber and 
PMMA/PAAm/Hardener tri-axial fiber (b) epoxy resin, PMMA/PAAm tri-axial hollow 
fiber and PMMA/PAAm/epoxy tri-axial fiber 
 
4.3.4. Determination of the Curing State of Matrix 
In order to eliminate the possible effect of post-curing on the degree of self-
healing and obtain optimum curing time for epoxy specimens, gel content of cured neat 
epoxy specimens were determined as function of curing time through using soxhlet 
extraction technique. The value of gel content after extracting uncured oligomers and 
monomers from structure represents the cross-linking degree of epoxy specimens.[106] 
In Figure  4.12 is plotted  the variation of gel content of neat epoxy specimens as a 
function of curing time at constant curing temperature of 70°C wherein one can observe 
that 97% of epoxy and hardener mixture is cured during the first 6 hr of curing process 
and the percentage of cross-linking gets higher with the increasing curing time. However, 
after certain time of curing at constant temperature, specimens reach at their ultimate 
curing state and no notable difference is observed in gel content of specimens after this 
saturation point. Herein, specimens cured for 5 and 6 days show very similar gel content 
value which corresponds to complete curing. 
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Figure  4.12 The variation of gel content of neat epoxy specimens as a function of 
curing time at constant curing temperature of 70°C (obtained by soxhlet extraction). 
It is explained that after 5 days of curing at temperature of 70°C the specimens 
reach their maximum curing state and the effect of post curing from self healing data can 
be eliminated completely. 
4.3.5. Evaluation of Self-Healing Efficiency  
The usage of tri-axial fiber with epoxy compatible outer layer polymer as a self 
healing reinforcement in epoxy matrix will expectedly lead to epoxy based composites 
with enhanced mechanical properties[19]. Therefore, PMMA has been chosen as an outer 
layer polymer to enhance the interactions between self healing fibers and epoxy matrix. 
Figure  4.13. introduces stages of designed self-healing process schematically. 
In order to perform self healing tests, 3-point bending specimens individually 
reinforced by PMMA/PAAm hollow tri-axial fibers and Grubbs’ catalyst dispersed 
PMMA/PAAm/DCPD tri-axial fibers as well as the couples of PMMA/PAAm/epoxy and 
PMMA/PAAm/hardener tri-axial fibers were subjected to repeated bending/healing 
cycles wherein self-healing composite specimens were subjected to 6 % flexural strain 
through utilizing corresponding applied stress and then were kept in oven for 24 hr at 
70°C for healing reaction. Figure  4.14 exhibits the flexural stress-strain curves of selected 
specimens reinforced by tri-axial fibers including different healing agents with two 



















different diameters in each cycle. As seen in stress-strain relations, after the strain of 3 %, 
samples begin to have a non-linear behavior or yield, which can be attributed to initiation 
of cracks inside the composite structure. At this stage, there should be a lot of invisible 
nano- and micro-cracks forming, coalescing and growing inside the structure under the 
applied stress. In each repeating cycle, flexural modulus decreases gradually since the 
size and the number of cracks in the matrix of specimens increase. Figure  4.14a 
demonstrates the flexural stress-strain curves of specimen reinforced by PMMA/PAAm 
tri-axial hollow fibers with the average fiber diameter of 200 nm while Figure  4.12b 
shows specimen reinforced by PMMA/PAAm/DCPD tri-axial fibers having DCPD 
healing agent in the core of fiber and Grubbs’ catalyst dispersed in the outer wall with the 
average fiber diameter of 200 nm. In Figure  4.14b, the reduction of modulus values of 
specimen reinforced by tri-axial fibers with self-healing functionality in each cycle is 
lower than the similar specimens reinforced by hollow fibers. This improvement of 
modulus in the presence of healing fibers indicates that the DCPD monomer and Grubbs’s 
catalyst react by ring opening polymerization to repair the crack area. Also, Table 4.1 
tabulates the percentages of reduction in the flexural modulus in comparison to first 
bending cycle of each specimen. Figure  4.14c and d show the flexural stress-strain curves 
of specimens reinforced by PMMA/PAAm tri-axial hollow fiber and 
PMMA/PAAm/DCPD tri-axial healing fibers with the average fiber diameter of 1 µm, 
respectively. Figure  4.14e reveals the repeated healing response of specimen reinforced 
by both PMMA/PAAm/epoxy and PMMA/PAAm/hardener tri-axial fibers.  
In order to demonstrate the healing efficiency of each specimen, their normalized 
modulus values, defined as the ratio of flexural modulus of the specimen at each bending 
test cycle to flexural modulus at the first bending test, are compared as a function of 
healing cycles in Figure  4.14f. All the normalized modulus values for each specimen 
have decreased with increasing bending/heal cycle number owing to damage 
accumulation in the structure associated the formation of new cracks as well as the growth 
or coalescence of old cracks in each bending test cycle. It is clearly seen from Figure  
4.14f that the specimens reinforced by PMMA/PAAm/DCPD tri-axial healing fibers with 
the mean fiber diameter of 200 nm experiences significantly lower reduction in 
normalized modulus per cycle than that reinforced by tri-axial hollow fibers. This result 
indicates that the presence of healing fibers inside the structure can trigger the healing 
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reaction to repair the cracks and recover the mechanical properties of specimens to certain 
extent. On the other hand, specimens reinforced by PMMA/PAAm hollow fiber and 
PMMA/PAAm/DCPD healing fibers with average fiber diameter of 1 µm show similar 
reduction in normalized modulus up to the first healing cycle; however, upon increasing 
the cycle number, fibers including healing agent start to recover the mechanical properties 
of matrix and nearly retain normalized modulus of the composite after each bending/heal 
cycle while modulus values of specimens without healing ability decrease gradually in 
each cycle. Furthermore, the normalized modulus reduction in the first cycle for specimen 
reinforced by 1 µm DCPD healing fibers is higher than specimen reinforced by 200 nm 
healing fiber which is because of higher stress concentrations and in turn denser crack 
formation in specimens reinforced by larger fibers. However, the reduction in mechanical 
properties of matrix reinforced by healing fibers having a larger diameter reaches a stable 
value and subsequently does not change as a function of healing cycle which can be 
explained by excess amount of healing agent encapsulated inside these kinds of fibers. 
This is further contributed by the higher amount of DCPD monomer inside larger 
diameter tri-axial fibers and the release of higher amount of healing agent into the crack 
area in each healing cycle.  
In addition, the recovery for specimen with 200 nm fibers starts at the first cycle, 
but the reduction in normalized modulus gradually decreases with increasing cycle 
number since smaller healing fibers trigger the repairing mechanism effectively for nano 
and sub-micron scale cracks but the encapsulated healing agent is not enough to fill the 
cracks in micron scale. At this point, DCPD encapsulated tri-axial fibers having larger 
mean fiber diameter are much proper for healing process of micro cracks and fibers with 
finer diameter can heal nano-scale cracks efficiently. Moreover, epoxy matrix is 
concurrently reinforced by PMMA/PAAm/epoxy and PMMA/PAAm/hardener tri-axial 
fibers with the fiber diameter of 1 µm in order to measure and compare their self-healing 
efficiency with formerly introduced results. As seen from Figure  4.14f, the healing 
degree of epoxy based healing system is slightly higher than DCPD based healing system. 
Epoxy based healing specimen does not fail at the 4th healing cycle whereas DCPD based 
healing systems prepared with 200 nm and 1 µm completely fail at this cycle. In addition, 
specimen reinforced by both tri-axial fibers including hardener and epoxy can heal itself 
until 5th healing cycle. Accordingly the differences in healing cycles with different 
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healing agents can be attributed to the fact that the epoxy healing system shows higher 
compatibility with epoxy based matrix while healing material produced by ROMP of 
DCPD monomer in the presence of Grubbs’ catalyst is not compatible with the 
surrounding matrix like epoxy based system and hence causes the stress concentration 
leading to the failure of specimens at 4th healing cycle. One can see from Table 4.1 that 
the percentage reduction in the modulus of epoxy-based specimen has leveled off 
indicating that the self healing process is active, effective, and hence able to preserve the 
mechanical properties of composite under high loadings. 
 
Figure  4.13 Schematic representation of self-healing concept, (a) the incorporation of 
self healing fibers into a polymer matrix, (b) cracks formation within the matrix due to 
the external load and consequent rupture of healing fibers, (c) the discharge of healing 
agent into the crack area followed by its polymerization upon getting in contact with 
either pre-dispersed catalyst in outer layer of fibers or the hardener released along with 
















Figure  4.14 Flexural stress-strain curves of specimens reinforced by (a) PMMA/PAAm 
tri-axial hollow fibers with the average diameter of 200 nm, (b) PMMA/PAAm/DCPD 
healing fibers with the average diameter of 200 nm, (c) PMMA/PAAm tri-axial hollow 
fibers with average diameter of 1 µm, (d) PMMA/PAAm/DCPD tri-axial healing fibers 
with the average diameter of 1 µm (e) PMMA/PAAm/(hardener, epoxy) tri-axial 
healing fibers with the average diameter of 1 µm and (f) Normalized flexural modulus 
of composites reinforced by tri-axial hollow and healing fibers with different diameters 
as a function of healing cycle 
 
 



























































































































































































200 nm DCPD based healing fibers
200 nm hollow fiber
1 µm DCPD based healing fibers
1 µm hollow fibers
1 µm epoxy based healing fibers















Table 4.1 Percent modulus reduction of specimens in each cycle based on initial 
modulus value. 
 
200 nm hollow 
fibers 
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1st cycle 96.2 97.4 94.79 95 95.2 
2nd cycle 94.2 95.95 91.78 94.4 94.2 
3rd cycle 92.5 94.37 89.9 94.4 94.7 
4th cycle 91.7 94.14 88.69 94.3 94.5 
5th cycle - - 88.1 - 95.3 
4.3.6. Fracture Surface Characterization  
Figure  4.15 exhibits SEM images of the fracture surfaces of tri-axial fibers 
reinforced composites that are obtained at the end of 4th healing cycle. Figure  4.15a 
corresponds to specimen reinforced by PMMA/PAAm hollow fiber with average 
diameter of 1 µm while Figure  4.15b represents the fracture area of specimen with 
PMMA/PAAm/DCPD tri-axial healing fibers with average diameter of 1 µm. The 
fracture surface of specimen reinforced by hollow tri-axial fibers with the diameter of 1 
µm looks very fragmented and rough. In addition, Figure  4.15a reveals the severe crack 
formations induced by repeated bending tests on the specimen reinforced by hollow fibers 
on the composite structure. On the other hand, Figure  4.15b represents the fracture 
surface of specimen reinforced by PMMA/PAAm/DCPD tri-axial healing fibers, and it 
can be seen clearly that new born polyDCPD films are formed by the release of 
encapsulated healing agent from the ruptured fibers into the cracked area and then 
reaction with pre-dispersed catalyst particles in outer layer of fibers. Therefore, the 
smooth surfaces are observed in the cross-sectional area of tri-axial healing fibers because 
healing agents filled and covered the damaged regions by the initiation of polymerization 
process. In the absence of healing agent, crack regions in the fracture area are seen clearly 
in Figure  4.15a. However, in the presence of healing agent, the fracture surface has a 
smoother appearance due to polymerization of released DCPD monomer thereon as seen 
in Figure  4.15b. This is the evidence for the efficient healing mechanisms and polymer 
coverage of crack regions. Figure  4.15c shows specimens reinforced by PMMA/PAAm 
hollow fiber with average diameter of 200 nm while Figure  4.15d exhibits the fracture 
area in the specimen with PMMA/PAAm/DCPD tri-axial healing fibers with average 
diameter of 200 nm. The fracture surface of specimen reinforced by tri-axial electrospun 
fiber with average fiber diameter of 200 nm in both case of hollow and healing fibers 
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shows very smoother surface morphology than one of similar specimens reinforced by 1 
µm fiber. However, size of the cracks on specimen reinforced by fibers with 200 nm are 
very small and thus limited amount of healing agents is released into the fracture area or 
inside the cracks and films of healing polymer occurred by healing process is not 
distinguishable in the SEM images but healing process has been already confirmed by 
mechanical tests after repetitive cycles. In addition, Figure  4.15c and 4.15d exhibit very 
uniform distribution of fibers in the composite structure and nano scale holes on the 









Figure  4.15 SEM images of fracture area of (a) PMMA/PAAm tri-axial hollow fiber 
reinforced epoxy specimen with the fiber diameter of 1 µm, (b)  PMMA/PAAm/DCPD 
tri-axial healing fiber reinforced epoxy specimen with the fiber diameter of 1 µm, (c) 
PMMA/PAAm PMMA/PAAm tri-axial hollow fiber reinforced epoxy specimen with 
the fiber diameter of 200 nm (d) PMMA/PAAm/DCPD tri-axial healing fiber reinforced 
epoxy specimen with fiber diameter of below 200 nm. 
4.4. Conclusions 
Novel architecture of electrospun multi-walled healing fibers are utilized in order 
to encapsulate various healing agents with two different protective walls. For the first 
design of healing fibers, DCPD as a healing agent is encapsulated inside the electrospun 
fibers with two different polymeric layers wherein the middle layer encapsulates healing 
agent due to its low affinity, and outer layer is compatible with epoxy matrix. The 
dispersion of metal catalysts into outer layer of fibers preserves the activity of catalyst 
during manufacturing process, reduces the required amount of catalyst in comparison to 
conventional catalyst dispersion into epoxy matrix, and provides the direct contact 
between the catalyst and healing monomer in crack region. The presence of an 
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intermediate layer having low affinity to healing agents facilitate the encapsulation of 
healing agents with very high active nature such as amine based hardeners into polymeric 
shells. In the second design of self healing fibers, epoxy resin and amine-based curing 
agent are separately encapsulated in multi-axial electrospun fibers. The low affinity 
between the inner wall polymer and encapsulated healing agent within the core of fibers 
minimizes the environmental effect on healing agents and decreases the diffusion rate of 
healing agent through the wall of fiber hence extending the efficiency and lifetime of 
healing functionality of fibers. In addition, the effect of fiber diameter (nano or micron 
scale) and the type of self-healing agent (DCPD monomer and epoxy resin) on self-
healing properties of the produced composites were investigated by comparing 
mechanical properties. It is shown that healing fibers with larger mean diameter are much 
more appropriate for healing micro cracks whereas fibers with finer diameter can heal 
nano-scale cracks more effectively. The healing efficiency of epoxy based healing system 
is observed to be slightly higher than DCPD based healing system given that epoxy based 
healing specimen has shown five successful healing cycles while DCPD based healing 
specimens were broken after the fourth cycle. The reduction in mechanical properties of 
matrix reinforced by healing fibers reaches a stable value and subsequently does not 
change as a function of healing cycle while normalized modulus of specimens reinforced 
by hollow fibers continuously decreases in each cycle. To reiterate, the unique structure 
of multi-walled electrospun fibers developed in this work has a high potential to create a 




CHAPTER 5. ACOUSTIC EMISSION AND FIBER BRAGG GRATING AS A 
NOVEL TECHNIQUE FOR MEASURING SELF-HEALING EFFICIENCY 
OF TRI-AXIAL ELECTROSPUN FIBERS/ GLASS FIBER/ EPOXY 
COMPOSITES 
Tri-axial electrospun fibers with self-healing capability are fabricated through a 
direct, one-step tri-axial electrospinning process. Tri-axial electrospun fibers with two 
distinct protective walls are used to encapsulate epoxy resin and its hardener as healing 
agents in separate cores. The presence of an extra layer between encapsulated liquid 
healing agent and outer layer of fibers enables the encapsulation of chemically and 
physically active healing agents, extends the efficiency and life-time of the healing 
functionality, and provides the capability to enhance the interfacial compatibility between 
fibers and the matrix. Tri-axial electrospun healing fibers are used to add self-healing 
capability into solo epoxy matrix and as an interlayer between glass fabric mats in glass 
fiber reinforced laminated composite. Tri-axial electrospun fiber interlayers with 
encapsulated healing agent provide self-healing functionality at the interface of glass 
fibers with epoxy matrix, which is highly prone region to failure in fiber reinforced 
composites under load. Continues and uniform morphology of tri-axial fibers provide 
successful and recurring self-healing ability for both composite types. In addition, various 
structural health monitoring and non-destructive testing techniques such as incorporation 
of Fiber Bragg Gratings sensors, and monitoring the acoustic emission, and Poisson’s 
ratio reduction coupled with traditional mechanical testing methods are employed to 
evaluate the self-healing efficiency of composite structures, which bring a new insight 
into the evaluation of the healing efficiency of self-healing composites. 
 
5.1. Introduction 
Advanced fiber-reinforced polymeric composites (FRPC) have been regarded as 
unique and promising candidates for a variety of structural applications due to their 
transcendent specific strength/modulus, physical performances, multi-functionality, 
design flexibility and relatively easy manufacturability [107]. Albeit with these 
culminated attributes, FRPCs couldn’t unfold their full potential and are still being treated 
71 
 
as marginal due to the poor damage tolerance, delamination strength, impact resistance 
and low fracture toughness, which facilitate the initiation and the growth of multiple 
cracks under external loads or extreme environmental conditions [4, 108]. Matrix 
cracking and failure at the interface of matrix and reinforcing fibers generate stress 
concentration regions and lead to severe damage mechanisms thereby gradually reducing 
the stiffness and strength of the composite structures [109-111]. Different approaches 
have been developed to prevent these problems, namely, improving the interface 
properties between reinforcing fibers and polymeric matrix [18], and inhibiting the final 
failure by controlling the crack growth [112], and dispersing modifier particles into the 
matrix [113]. The integration of self-healing capability into fiber reinforced polymeric 
composites is one of the cutting edge approaches to augment the reliability and prolong 
effective lifetime of composite materials for more advanced applications [19]. Several 
attempts inspired by autonomous wound healing phenomena in biological systems  have 
been made to mimic and integrate this natural process in the development of smart 
materials with self-healing capability [8]. The delivery of encapsulated reactive liquid 
agent into fractured area is one of the feasible methods to repair the cracks in the initial 
stage by restraining the crack propagation and restore the mechanical properties of the 
damaged materials [69, 70]. Despite several progresses made in the development of self-
healing composites, most of the approaches are limited by two main drawbacks. The first 
one is the reduction in mechanical performance of structure due to the formation of 
defects during the integration of self-healing agent in the matrix [114]. The other one is 
the limitation of healing process only for few repairing cycles [115]. In order to address 
the mentioned limitations and bring new insight to this field, multi-axial electrospun 
fibers with a self-healing capability can be also considered novel. The electrospun fiber 
can also act as an interfacial toughening layer to extend the reliability of composites [116]. 
The effect of electrospun fiber interlayers as a toughening agent were studied and 
validated extensively by different groups in the literature [18, 117, 118]. The utilization 
of continuous and self-healing electrospun fibers in the composite structure provides 
repeated delivery of healing agent into the damage area when compared to the other 




Another important issue in self-healing composite production is to create an 
ability to monitor and characterize the healing performance of composites. Considering 
the biological systems as an inspiration source for the design and development of the next 
generation smart, functional and responsive materials, vascular blood network was 
provided by the integration of multi-walled electrospun fibers containing self-healing 
agent in the composite structure. Also, a neural system is required to detect damages in 
the structure and interpret the incoming signals to react with an appropriate response 
[120].  
Different methods and sensors have been developed in recent years to provide 
structures with structural health monitoring (SHM) capability, which enables in-situ 
monitoring of structure starting from the fabrication steps until the failure of material 
[121].  Among these methods, Fiber Bragg Gratings (FBG) sensor based approaches have 
received particular attention since FBGs can be integrated in the desired regions of 
composite matrix and hence used to monitor, record and analyze damage states and health 
of components in the localized or global scale in real time [122]. FBGs have several 
notable advantages over other sensors such as immunity to electromagnetic interference, 
high sensitivity, multi-functionality, water and corrosion resistance, real time reading, 
structural flexibility [123]. Furthermore, due to their rather small size, they can be 
embedded into composite structures during manufacturing process without endangering 
the structural integrity [124]. An FBG is a segment of a single-mode optical fiber core 
with a periodically varying refractive index in the axial (longitudinal) direction [125]. 
Changes in the physical state of sensors due to the variations in mechanical loading, 
temperature and environmental conditions cause changes in both refractive index and the 
grating pitch (spacing between the refractive index) of the FBG sensor [126]. Another 
successful technique for SHM of fiber reinforced composite structures is acoustic 
emission which is very sensitive process to locate and monitor the damages in fiber-
reinforced polymer composites [127]. In this method, each kind of damage and crack 
including matrix cracking, interface failure and fiber breakage in the composite structure 
generates specific acoustic emission signals [128]. In this study, both FBG sensors and 
acoustic emission methods have been used together to observe self-healing efficiency of 
composites. Herein, embedding FBG sensors in the composite structure with self healing 
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functionality is a novel and promising approach to create a neural system in the material 
since it can be used to monitor the efficacy of the self healing performance [129].  
In our previous studies, we conducted a systematical optimization study to 
produce tri-axial hollow electrospun fibers with tunable fiber diameters and surface 
morphologies by using different polymers and changing electrospinning processing 
parameters [17]. In addition, the effect of tri-axial hollow fibers as primary  reinforcement 
and co-reinforcement in the presence of  glass fibers were investigated from material 
selection to processing optimization [18]. Furthermore, tri-walled healing fibers were 
utilized to encapsulate different healing agents inside the fibers with two distinct 
protective walls. The presence of an intermediate layer facilitates ease encapsulation of 
healing agents and extends the efficiency and life-time of the healing functionality and 
thus preserve the mechanical properties of the composite by repairing micro and nano 
scale cracks under test condition [19].  
In the present work, epoxy resin and amine-based curing agents were encapsulated 
separately by tri-axial electrospinning inside the core of tri-axial fibers to produce 
different epoxy based composite structures having self-healing functionality. In the first 
design, tri-axial electrospun fiber reinforced epoxy composites were fabricated by using 
classical molding technique in which electrospun fibers act as both reinforcement and 
healing agent. In the second design, vacuum infusion technique was employed to fabricate 
glass fiber/tri-axial electrospun fibers/epoxy composite in which tri-axial healing fibers 
were deposited on the surface of reinforcing glass fabric mat to provide self healing 
functionality at the interface of reinforcing glass fibers with epoxy matrix and also 
enhance the composite toughness. To the best of our knowledge, there is no published 
work focusing on employing various SHM techniques and damage index monitoring such 
as FBG sensors, acoustic emission, and Poisson’s ratio reduction, respectively, coupled 
with traditional mechanical testing methods to evaluate self-healing efficiency of 
composite structures. Herein, a systematical research was performed to bring a new 
insight into the production techniques and monitoring the self-healing efficiency of epoxy 
based composites. These hierarchical multi-scale designs of composites provide the 







Polymethyl methacrylate (PMMA) and  polyacrylamide (PAAm) used as outer 
and middle wall materials of tri-axial fibers, respectively, were synthesized and 
characterized in details in our previous publications [17, 18]. N, N dimethyl formamide 
(DMF, Sigma-Aldrich, 99%), deionized water and acetone (Aldrich, 99.5%) were used 
for the dilution of reagents during electrospinning process. LY 564 resin and hardener 
XB 3403 (Huntsman) and 0/90 biaxial E-glass stitched fabrics of Metyx company with 
the average weight of 313 g/m2 (161 g/m2 along the 0o direction, and 142 g/m2 along the 
900 direction) are used in composite production process. 
5.2.2. Tri-Axial Electrospinning 
Tri-axial electrospun fibers were produced at ambient room conditions by using a 
tri-axial electrospinning set-up purchased from Yflow Company with a custom-made tri-
axial nozzle. Figure  5.1shows the schematic representation of multi-axial electrospinning 
process. All fibers were electrospun with a nozzle to collector distance of 7 cm by tuning 
the applied voltage in the range of 5 kV to 30 kV. Solutions are loaded independently into 
the syringes connected to concentric nozzles, and the flow rate of each layer is controlled 
by separate pumps. The flow rates of solutions for the outer and inner layers and the core 





Figure  5.1 A schematic representation for tri-axial electrospinning set-up. 
5.2.3. Fabrication of Self-healing Fiber Reinforced Epoxy Composites 
In the first design, classical molding technique was employed to fabricate 
composite specimens in which hollow or healing electrospun fibers were used as a 
primary reinforcement to observe self-healing capability of the structure. Furthermore, 
self-sensing capabilities were added into two different  types of composites by integrating 
FBG sensors in the structure to sense and monitor the environmental changes and 
variation in reflective index in FBG sensor. In this method, appropriate amount of 
electrospun fibers were placed into Teflon mould and uniformly covered on the mold 
surface and then the FBG sensor was placed in the mold such that it is positioned in the 
midpoint and above neutral axis of the flexural test specimen in the compression side. 
After the placement of fibers and FBG sensor, the mixture of degassed resin and hardener 
system was poured into the mold to produce composite specimen. Subsequently, vacuum 
was applied to remove the entrapped air bubbles from the resin and then curing was 
applied at 70 °C for 5 days. The electrospun fiber reinforced molded samples have the 
length, the width, and the thickness of 100 mm, 14 mm, and 3 mm, respectively, prepared 
for 3-point bending tests. In the second design, composite laminates with self-healing and 
self sensing functionalities at the interface of reinforcing glass fibers with epoxy matrix 
was produced by employing vacuum infusion technique. To this end, tri-axial healing or 
hollow  fibers were initially deposited only on the 0° side of the 90°/0° biaxial E-glass 
stitched fabrics, which were then stacked to form a laminate of [(90°/0°)3]S. Upon 
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stacking, the electrospun interlayer on the 0° side is shared with the 90° side of the biaxial 
fabric. The stacked fabrics were impregnated by the epoxy resin after being degassed by 
vacuum infusion process to manufacture a composite panel with the dimensions of 40 cm 
× 30 cm × 0.2 cm. The stacking sequence of the plies together with the placement of 
interlayer is given in Figure  5.2 The weight fraction of the primary reinforcement is 60 
wt % while the weight content of the electrospun fiber is 2 wt %. The volume fractions 
of glass fiber in the composite laminates were calculated by burning test and found to be 
about 40 % of overall composites. The manufactured composite panel is cut to prepare 
flexural and tensile test specimens with the dimensions of 8 cm × 1.5 cm × 0.2 cm and 20 
cm × 2.5 cm × 0.2 cm (with the gage length of 15 cm), respectively. To avoid the breakage 
of tensile specimens at grip locations, both the ends of specimens were tabbed with an 
aluminum tab having a dimension of 2.5 cm × 2.5 cm × 0.1 cm using two-component, 
room temperature curing epoxy system (araldite, 2011). Flexural and tensile tests were 
repeated three times for each specimen.  
 
Figure  5.2 Stacking sequence and the placement of the interlayer in composite structure 
produced by vacuum infusion (the yellow region indicates the cut specimen for flexural 
and tensile tests) where an FBG sensor with the initial wavelength of 1550 nm was 
placed between the fifth and sixth layers. 
5.2.4. Characterization 
The functional groups of polymers and fibers were analyzed by Netzsch Fourier 
Transform Infrared Spectroscopy (FTIR). Surface morphologies of fibers and fracture 
surface of composites were analyzed by a Leo Supra 35VP Field Emission Scanning 
Electron Microscope (SEM). Mechanical tests were conducted by ZWICK Proline 100 
Universal Test Machine (UTM) with 10 and 100 kN load cells for 3-point bending and 
tensile tests, respectively, with a constant cross-head speed of 1 mm min−1. 3-point 





















ASTM D5083-02 standards, respectively. The axial and transverse strains were measured 
during tensile tests with two clip-on strain gage extensometers (Epsilon 3542 axial 
extensometer with a fixed gage length of 25 mm and an Epsilon 3575 transverse 
extensometer with a controllable gage length). In addition, during tensile test, acoustic 
emission signals were collected by two wideband WD-sensors which were glued by hot 
melt glue at the end of specimen with 1 cm distance from tabbing of the specimen. A 
MISTRAS Micro II Digital AE system was used to collect the data from the sensors. In 
acoustic emission tests, sensitivity threshold was fixed at 60 dB with the sampling rate of 
2 MHz. Noesis Software was used for post-processing the data and pattern recognition. 
The k-means algorithm as a simple and effective method for acoustic emission signal 
clustering was applied for classifying acoustic emission signal and distinguishing 
between the different damage mechanisms such as matrix cracking, interfacial debonding 
and fiber breakage. To investigate the failure mechanisms of manufactured composites, 
a detailed fractographic analysis was carried out on the cross section along the length of 
the specimen through the thickness following the procedure detailed in our previous 
publication [18]. 
5.2.5. Fiber Bragg Grating Sensors (FBG) 
A fiber Bragg grating sensor includes a periodic modulation of the refractive index 
in the axial direction of an optical fiber created by a high intensity UV laser. The working 
principle behind the FBG sensor is based on the detection of changes in the reflective 
signal from the gratings when it is subjected to physical, thermal, and mechanical 
fluctuations. The light travelling inside the fiber core scatters in the regions of varying 
refractive indices. Out-of-phase scattered waves cancel each other while in-phase waves 
add up constructively to form the reflected spectrum in which the center wavelength is 
known as Bragg wavelength. According to Bragg conditions, Bragg wavelength can be 
expressed as λB=2nf in which λB is Bragg grating wavelength, nf is the effective 
reflective index of the fiber core and Λ is the grating periodic spacing. Mechanical and 
thermal deformations are observed by changing the grating spacing and reflective index 
of FBG sensors. The Bragg wavelength shifts regarding applied strain (Δε) and 
temperature (ΔT) that can be expressed in the form of ΔλB=Δε+ΔT where  and β are 
the relevant strain and temperature sensitivity factors, respectively. Figure  5.3 represents 
the working principle of FBG sensors. In this study, FBG data were collected at a 
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sampling rate of 100 Hz with a Micron Optics SM230 interrogator using Micron Optics 
ENLIGHT software. FBG sensors used in the experiments were 1 mm long with a 
uniform grating, polyimide coating, and different center wavelengths ranging from 1540 
to 1565 nm supplied by Technica SA. Also, these sensors were sewed into inner surface 
of first layer glass fibers in order to monitor the healing performance of glass fiber 
reinforced structure. 
 
Figure  5.3 Schematic representation of working principle of a FBG. 
 
5.3. Results and Discussions 
5.3.1. Fabrication of Tri-walled Healing Fiber 
Both tri-axial hollow and healing fibers were fabricated through tri-axial 
electrospinning technique to be used as a reinforcing agent. In the healing fibers, two 
different healing agents, namely hardener and acetone diluted epoxy resin, were 
separately encapsulated inside the fiber structure. PMMA used as an outer material of 
fiber shows high compatibility with epoxy matrix and plays a key role in mechanical 
enhancement of composite by the formation of semi interpenetrating polymer network 
(semi-IPN) between fibers and epoxy matrix [18]. On the other hand, PAAm chosen as a 
middle layer material reduces the interaction of healing agents with surrounding 
environment due to its low affinity between inner material and outer layer polymer [19]. 
Middle layer in fiber structure brings an advantage for the encapsulation of different 
healing agents by increasing their efficiency and   lifetime.  
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5.3.2. Structural characterization of tri-axial hollow and healing fibers 
Figure  5.4 represents SEM and TEM images of tri-axial electrospun healing and 
hollow fibers used as a reinforcement in epoxy matrix. SEM image of 
PMMA/PAAm/epoxy tri-axial healing fibers given in Figure  5.4a shows uniform fiber 
formation. Figure  5.4b exhibits the structure of PMMA/PAAm tri-axial hollow fibers. 
SEM images bespeak that both healing and hollow fibers have almost the same 
morphology, which provide the ability to compare the mechanical properties and healing 
efficiency of epoxy specimens reinforced by these fibers. Figure  5.4c exhibits TEM 
images of PMMA/PAAm/hardener tri-axial healing fiber in which dark regions in the 
core of the fiber are due to healing agent while the bright regions at the boundaries 
correspond to the polymeric shells. Figure  5.4c confirms the complete coverage of 
healing agent inside the fiber. On the other hand, TEM image of PMMA/PAAm tri-axial 
hollow fiber in Figure  5.4d reveals the presence of two polymeric walls and hollow core 
of fiber.  
FTIR analysis was performed to confirm successful encapsulation of healing 
agent into the multi-walled fibers through identifying the characteristic peaks of different 
wall materials and healing agents. Figure  5.5a shows FTIR spectra of hardener, 
PMMA/PAAm tri-axial hollow fiber and PMMA/PAAm/hardener tri-axial healing fiber. 
In the FTIR spectra of electrospun PMMA/PAAm tri-axial hollow fibers shown in Figure  
5.5a and 5b, the absorption bands at 2950 cm-1 and 1745 cm-1 belong to C-H and C=O 
stretchings of PMMA polymer, respectively [46]. For PAAm polymer, asymmetric and 
symmetric NH stretchings of NH2 contribute to the absorption bands at around 3300 cm
−1 
[17]. In tri-axial fiber containing hardener in Figure  5.5a, the peak at 1590 cm−1 
corresponds to N–H bending vibration and strong peak at 1150 cm−1 attributes to C-N 
stretching which confirms the presence of amine based hardener in the fiber structure 
[105]. Figure  5.5b exhibits the FTIR spectra of epoxy resin, PMMA/PAAm tri-axial 
hollow fiber and PMMA/PAAm/epoxy tri-axial fibers. In these spectra, the peaks at 815 
cm−1 and 840 cm−1 belonging to oxirane groups verify the presence of epoxy resin in tri-
axial fiber structure. Further characterization on encapsulation quality, fiber morphology 
and other advanced physical-chemical characterizations were discussed in details in our 











Figure  5.4 SEM images of (a) PMMA/PAAm/epoxy tri-axial healing fibers, (b) 
PMMA/PAAm tri-axial hollow fiber; TEM images of (c) PMMA/PAAm/hardener tri-






Figure  5.5 FTIR spectra of (a) hardener, PMMA/PAAm tri-axial hollow fiber and 
PMMA/PAAm/hardener tri-axial fiber and (b) epoxy, PMMA/PAAm tri-axial hollow 
fiber and PMMA/PAAm/Epoxy tri-axial fiber. 
 

























5.3.3. Tri-axial self-healing fiber reinforced composite with FBG sensors  
In this section, mechanical performance and self-healing functionality of 
specimens primarily reinforced by PMMA/PAAm hollow tri-axial fibers and 
PMMA/PAAm/(epoxy, hardener) tri-axial fibers were investigated by various 
techniques. Both types of specimens were subjected to repeated bending/healing cycles 
through 3-point bending whereby in each cycle, test discontinued at the flexural strain of 
5%. The 5% flexural strain is selected to prevent the creation of non-repairable cracks in 
each cycle while being able to generate enough nano and micron size cracks in each cycle. 
During these tests, applied stress, strain and signals from FBGs of each sample were 
recorded separately and then processed to quantify the healing level of specimens. After 
each bending/healing cycle, specimens were kept on heating table for 20 h at 70 °C for 
the completion of healing reaction while relaxing to obtain its original shape for the next 
test cycle. Figure  5.6a and b exhibit the flexural stress–strain curves of representative 
specimens reinforced by PMMA/PAAm tri-axial hollow fibers and 
PMMA/PAAm/(epoxy, hardener) tri-axial healing fibers, respectively. From stress-stain 
curves of specimens presented in Figure  5.6a and b, it can be concluded that after the 
strain of 3%, samples started to show non-linear behavior or yield which indicates the 
initiation of nano- and micro-cracks inside the composite structure under the applied 
stress. Moreover, for the composite specimen with tri-axial hollow fibers, the stress strain 
curve of subsequent cycles deviates from the previous cycles notably pointing to the 
damage accumulation in the specimen. In addition, as seen from stress-stain curves after 
each test cycle, flexural modulus decreases gradually due to the growth and coalescence 
of the already formed cracks as well as the creation of new cracks inside the structure. In 
the stress-stain curves of specimen with self-healing functionality in Figure  5.6b, the 
reduction in modulus values of self-healing specimen in each cycle is lower than the 
values of specimen reinforced by hollow fibers presented in Figure  5.6a. This shows that 
fibers containing healing agent repair the cracked area in specimen structure whereas 
more severe reduction in mechanical properties of specimen reinforced by hollow fibers 
is observed. In addition, specimen reinforced by tri-axial self-healing fibers resists the 
complete fracture one more cycle when compared to the specimens reinforced by tri-axial 
hollow fiber reinforced specimens. In order to clarify healing efficiency, normalized 
modulus values for each specimen, defined as the ratio of flexural modulus of the 
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specimen at each bending test cycle to flexural modulus at the first bending test, are 
compared as a function of healing cycles in Figure  5.6c. Herein, as the number of 
bending/healing cycle increases, normalized modulus values for each specimen decreases 
due to the creation of new cracks and damage accumulation in each test cycle in the 
structure. As seen in the Figure  5.6c, the specimen reinforced by healing fibers 
experiences lower reduction in normalized modulus per cycle than the one reinforced by 
hollow fibers. Figure  5.6c confirms that the presence of healing fibers inside the structure 
can partially repair the cracks, reduce the damage accumulation in each test cycle, and as 
a result recover part of the mechanical properties of specimens. Table 5.1 tabulates the 
percentages of reduction in the flexural modulus in comparison to the first bending cycle 








Figure  5.6 Flexural stress–strain curves of specimens reinforced by (a) PMMA/PAAm 
tri-axial hollow fibers, (b) PMMA/PAAm/(epoxy, hardener) tri-axial healing fibers, and 
(c) normalized flexural modulus of composites reinforced by tri-axial hollow and 
healing fibers as a function of healing cycle  
 










































































































Table 5.1 Percent modulus reduction of specimens in each cycle based on initial 
modulus value 
Modulus reduction (%) 
 Hollow fiber Healing fiber 
Initial bending 100 100 
1st healing cycle 92 97.4 
2nd healing cycle 85 91.2 
3rd healing cycle 76 90.9 
4th healing cycle __ 88.5 
 
Due being a discrete sensor with a very small gage length, FBG sensors are 
capable of recording the local variations in the strain fields in their vicinity due to the 
formation of cracks and damages. Hence, the strain reading of an embedded FBG sensor 
is affected by the damage state in the composite structure. This future of an embedded 
FBG sensor can be utilized to investigate the efficacy of self healing of composites such 
that the repair of cracks in the structure enables the FBG strain reading not to deviate 
significantly from the one measured on a sound structure. To this end, we have 
manufactured flexural test specimens reinforced by PMMA/PAAm tri-axial hollow fibers 
and PMMA/PAAm/(epoxy, hardener) tri-axial healing fibers. Both specimens have an 
embedded FBG sensor above their neutral axis. Specimens with FBG sensors positioned 
in the compression side were subjected to 4 cycles of loading up to 5% flexural strain 
while FBG sensor data are collected during these cycles. After each cycle, specimens 
were kept in a furnace at 70 °C for 24 hours. The collected FBG data for both specimens 
were processed and plotted as graph of Bragg’s wavelength versus the test time 
(effectively corresponding to the applied flexural strain) although not shown here for 
brevity. Upon examining the variation of wavelength shift or equivalently strain acquired 
during each loading cycle, it was observed that the FBG sensor embedded in a specimen 
reinforced by PMMA/PAAm tri-axial hollow fibers yields different strain level where the 
strain of each cycle deviates from the previous one notably. On the other hand, the FBG 
of the specimen reinforced by PMMA/PAAm/(epoxy, hardener) tri-axial healing fibers 
gives rather close strain level after each cycle. To be able to concisely present and 
quantify the FBG data of each healing cycle, the shift in the Bragg wavelength between 
the initial cycle and subsequent healing cycles were computed for each data point and 
then divided by the corresponding shifted Bragg wavelength and the total number of data 






  . Here,  is referred to as the damage 
indicator, i,j and h,j are the Bragg wavelengths of each data point “j” for initial bending 
cycle, and subsequent healing cycles, and N is the total number of data points. 
84 
 
Figure  5.7 shows α vs healing cycle for each healing test for specimens reinforced 
by PMMA/PAAm tri-axial hollow and PMMA/PAAm/(epoxy, hardener) tri-axial healing 
fibers. In this figure, α values of specimen reinforced by PMMA/PAAm tri-axial hollow 
fibers drastically increase in each cycle whereas those of the specimen reinforced by 
PMMA/PAAm/(hardener, epoxy) tri-axial healing fibers change slightly. This indicates 
that the self-healing process repairs most of the cracks formed during the flexural loading 
whereby the strain state of the composite specimen is recovered to that of initially 
undamaged structure to a certain extent. To elaborate the discussion further, the FBG 
strain reading is significantly affected by the formation of cracks in the composites which 
alters the distribution of strain field since the FBG is a discrete local sensor. Hence, the 
strain measured by embedded local sensor with a rather small gage length can be 
significantly different in the presence of damage in the structure. One would clearly 
expect that if there was not any crack in the specimen, or those formed was repaired after 
each cycle, the measured strains in each cycle should be nearly identical. Thus, the FBG 
aided method for the determination of the healing efficiency is a novel approach and 
shown to be effectively used for accurate, fast and real-time measurements of healing 
functionality in smart self-healing materials. 
 




















































5.3.4. Fracture surface characterization 
The morphology of fracture surfaces was examined to understand self-healing 
efficiency and mechanism in the crack regions. Figure  5.8 exhibits SEM images of 
fracture surfaces of hollow fiber and tri-axial self-healing fiber reinforced composites 
obtained at the end of healing cycles. The fracture surface of specimen reinforced by 
hollow tri-axial fibers looks very fragmented and rough as seen in Figure  5.8a and b. On 
the other hand, Figure  5.8c and d represent the fracture surface of specimen reinforced 
by PMMA/PAAm/(epoxy, hardener) tri-axial healing fibers. It can be seen clearly that 
new born epoxy films are formed by the release of encapsulated healing agent from the 
ruptured fibers into the cracked area and then reacts with the released hardener. Therefore, 
the smooth surfaces are observed in the cross-sectional area of tri-axial healing fibers 
because healing agents filled and covered the damaged regions by curing epoxy at the 










Figure  5.8 SEM images of fracture areas of (a, b) PMMA/PAAm tri-axial hollow fiber 
reinforced epoxy specimen, (c, d) PMMA/PAAm/(epoxy, hardener) tri-axial healing 




5.3.5. Self-healing of epoxy/glass fibers interfaces 
5.3.5.1. Evaluation of self-healing by Flexural test and FBG sensors 
Multi-functional tri-axial healing fibers were deposited onto the surface of glass 
fabric mats to act as an interface modifier agent. These fibers are capable of release a 
curable resin into the interface of polymeric matrix and glass fabric in the path of a 
propagating crack as well as enhance the interlaminar strength of structure [18, 19]. The 
stacking sequence of plies together with the placement of interlayer is given in Figure  
5.2. In addition, an FBG was sewed into inner surface of first layer glass fibers in order 
to monitor the curing, healing and performance of glass fiber reinforced structure since 
as stated previously FBG sensors lend themselves to monitoring the variation of strain 
field due to the formation and repair of cracks in their vicinity. Herein, 3-point bending 
specimens reinforced by hollow or healing fibers were subjected to repeated 
bending/healing cycles and these specimens were subjected to 3% flexural strain. After 
each cycle, composite specimens were kept in oven for 24 h at 70 °C to trigger the healing 
reaction. In order to measure healing efficiency, normalized modulus values for each 
specimen were compared as a function of healing cycles in Figure  5.9a. All normalized 
modulus values were decreased by increasing bending/healing cycle number due to 
damage accumulation in the structure associated with the matrix cracking, primary 
reinforcing fiber-matrix delamination, and fiber breakage in each bending test cycle. It is 
clearly seen from Figure  5.9a that the specimens having PMMA/PAAm/(epoxy, 
hardener) healing fiber interlayers experience significantly lower reduction in normalized 
modulus per cycle than hollow fiber reinforced specimens. This result indicates that the 
presence of healing fibers as an interlayer in the glass fiber reinforced structure can trigger 
the healing reaction to repair the cracks, and repair the glass fiber and epoxy deboning at 
the interface, and recovers the mechanical properties of specimens to a certain extent. In 
Figure  5.9a, after initial bending, normalized modulus values for two specimens 
reinforced by hollow and healing fibers decrease. However, the reduction in normalized 
modulus for specimens having healing functionality are comparably less than hollow 
fiber reinforced specimens, and self-healing specimen shows a plateau behavior by 
increasing the healing cycle up to 4th healing cycle, and its normalized modulus values 
are almost in same range between 2nd and 4th healing cycle. After 4th cycle, normalized 
modulus of this specimen starts to decrease linearly until 6th cycle due to the depletion of 
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healing material in the cracked regions. However, after 6th healing cycle, self-healing 
activities are observed again in the healing specimens due to the creation of cracks in 
different regions of specimens and the rupture of new healing fibers. On the other hand, 
specimens reinforced by hollow fibers show almost linear reduction of normalized 
modulus until the end of the healing cycles. 
During 3-point bending test of specimens, signals received from FBGs were 
recorded and internal behavior of specimens was monitored by these sensitive sensors. 
Figure  5.9c exhibits the signals recorded from specimen having self-healing 
functionality. In the initial bending cycles, Bragg wavelength increases linearly since the 
FBG sensors were placed in the tension side of the specimen. In the subsequent cycles, 
damage induced in composite structures hinder the applied flexural load to be transferred 
to the FBG sensor region and in turn, FBG sensors start reading strain levels much smaller 
than that in the initial cycle. After the initiation of self-healing mechanism upon the 
release of healing agent, FBG sensor in composite with self healing ability partially 
regains its sensitivity due to the repair of damage in its vicinity. The recovery efficiency 
decreases as healing cycles increases owing to the accumulation of damage and depletion 
of healing agent inside the healing fibers in the sensor region. On the other hand, in Bragg 
wavelength vs. duration of test graphs of the specimen reinforced by hollow fibers as seen 
in Figure  5.9b, except the first cycle, FBG sensor losses its strain sensitivity, and similar 
behavior is detected in each cycle due to the lack of healing agent. This FBG monitoring 
process confirms the healing functionality of self-healing fibers at the interface of glass 
fiber and epoxy matrix, which is a novel effective and non-destructive technique for the 

















Figure  5.9 (a) Normalized flexural modulus of glass fiber reinforced composites as a 
function of healing cycle and, Bragg wavelength vs. test duration graph for (b) 
PMMA/PAAm tri-axial hollow fibers reinforced composites and (c) 
PMMA/PAAm/(epoxy, hardener) tri-axial healing fibers  
5.3.5.2. Evaluation of self-healing by tensile test, Poisson’s ratio and 
acoustic emission 
Self-healing performance of glass fiber/epoxy composite co-reinforced by hollow 
and healing tri-axial fibers as interlayer was also investigated under tensile loading 
condition with the aim of showing that tension induced damages can also be healed 
through the proposed healing mechanism. In order to perform self-healing tests in tensile 
mode, self-healing composite specimens with hollow and healing tri-axial fibers were 
subjected to repeated tensile/healing cycles wherein the specimens were subjected to 200 
MPa stress and then were kept in oven for 24 h at 70 °C for healing reaction. Figure  
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tensile/healing cycles. For both specimens, normalized tensile modulus values decrease 
with increasing tensile/healing cycle due to the damage induced stiffness degradation, a 
well-known phenomenon for composite materials under cyclic loading. However, 
specimens with PMMA/PAAm/(epoxy, hardener) healing fibers experience lower 
reduction in normalized modulus per cycle than hollow fiber reinforced specimen. This 
confirms the effective activation of self healing mechanism through the applied tensile 
loading on the specimens. In order to enhance our understanding on damage initiation 
and propagation under tensile load and the role of self-healing on damage repair, axial 
strain (εx) and transverse strain (εy) were monitored by axial and transversal extensometers 
simultaneously during the tensile test whereby Poisson's ratio νxy = −εy/εx  was computed and 
then plotted as a function of axial strain as seen in Figure  5.10b and c. At the initial stage, 
Poisson's ratio increases rapidly for all specimens by increasing the axial strain, and 
reaches a maximum point, which will be hereafter referred to as the maximum Poisson’s 
ratio due to the fact that the lateral strain increases nonlinearly as a function of applied 
axial strain [113, 130] . For the initial tensile cycle in both hollow and healing fiber 
reinforced specimens, Poisson’s ratio initially increases and then reaches a plateau around 
the value of 0.14 which indicates that both specimens have similar initial mechanical 
performance and behavior. For hollow fiber reinforced specimen, thereafter, it decreases 
notably in each cycle. The decreasing trend in Poisson’s ratio is associated with the 
reduction in the rate of the increase of the lateral strain due to the transverse cracking. 
Knowing that transverse crack will reduce the transfer of axial stress to the lateral 
direction and hence, the specimen should experience a progressively smaller increase in 
the lateral strain with applied load as the test continues. On increasing the test cycles, the 
applied axial strain can create further transverse cracks and damage in composite 
materials, and hence Poisson’s ratio follows a dissimilar path to the previous cycles. As 
the cycle number increases, the Poisson’s ratio gets smaller maximum values. This is 
attributed to the fact that, on the formation and accumulation of transverse cracks, the 
axial strain cannot be transferred in the lateral direction and, therefore, the lateral strain 
for a given axial strain decreases with respect to the previous cycle. The difference among 
the corresponding paths of Poisson’s ratio for initial and subsequent cycles increases more 
notably in specimen reinforced by hollow fiber than that reinforced by self healing fibers. 
For hollow fiber reinforced composite, the decreasing trend of the Poisson’s ratio after 
the maximum of each cycle is much bigger than that for self healing fiber reinforced 
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composite specimen. In addition, the Poisson’s ratio of the specimen without healing 
functionality fluctuates signaling the formation and accumulation of cracks in the 
structure.  These observations prove repair of cracks or damage formed in composite after 
each cycle and hence self-healing capability of the developed method. It is prudent to 
state that the Poisson’s ratio monitoring can be used as an effective and novel damage 
index for studying the effectiveness of self healing process.  
In addition, acoustic emission technique was employed during tensile test to 
quantify the different damage modes and evaluate self-healing efficiency at the interface 
of reinforcing fibers and polymeric matrix. Sensors at the surface of specimens record the 
generated acoustic signals from all parts of specimen. Various acoustic signals generated 
during mechanical tests can be post-processed by different techniques such as pattern 
recognition and clustering to determine the specific damage modes [131]. For the 
identification of matrix cracking, interface failure and fiber breakage, acoustic signals 
were clustered by applying K-means algorithm. As it is seen in Figure  5.10d and e, three 
distanced clusters are distinguished in each test cycle. The first cluster in the range of 50-
150 Hz corresponds to matrix cracking, the second cluster between 150-400 Hz represents 
the signals generated due to interface phenomena and the third cluster in the range of 400-
520 Hz is associated with fiber breakage in the composite structure [132]. In Figure  5.10d 
and e, in the initial tensile test and 1st healing cycles, similar acoustic emission clustering 
patterns are seen for both specimens reinforced with healing fibers and hollow fibers and 
these signals are mostly located at matrix cracking region. On the other hand, in 2nd 
healing and subsequent healing cycles, specimen without healing capability showed 
several crack formations and interface failure in its structure (Figure  5.10d) whereas the 
number of acoustic hits for specimen with healing capability is comparably much lower. 
In addition, in the 4th healing cycle, more severe fracture mechanism is activated in the 
specimen without healing capability. However, specimens having healing fibers repair 















Figure  5.10 (a) Normalized tensile modulus of glass fiber reinforced composites as a 
function of healing cycle, (b-c). Poisson’s ratio vs. axial strain graphs for 
PMMA/PAAm tri-axial hollow fibers and PMMA/PAAm/(epoxy, hardener) tri-axial 
healing fibers reinforced composites, respectively, (d-e) acoustic emission clustering 
patterns for PMMA/PAAm tri-axial hollow fibers and PMMA/PAAm/(epoxy, hardener) 
tri-axial healing fibers reinforced composites, respectively, where in these scatter-plots, 
























































































































































































5.3.6. Fracture surface characterization 
A fractographic analysis was performed on the cross section of flexural test 
specimens (bounded by length and the thickness) to scrutinize the effect of hollow and 
healing tri-axial fiber on the healing efficiency of composites. Fig 11 presents SEM 
images of cross-sectional areas of flexural test specimens after cutting and polishing 
steps. Fig. 11a exhibits the cross section of specimen reinforced by hollow fiber after last 
healing experiment and complete delamination is seen at the interface of glass fiber and 
matrix. On the other hand, in Fig 11b, repairing the interface between glass fiber and 
matrix is observed clearly. Herein, healing agent leaks into the crack region and heals this 
region by initiation of polymerization after curing process. Therefore, SEM analysis 







Figure  5.11 SEM images of cross-sectional areas of (a) PMMA/PAAm tri-axial hollow fibers 




Tri-axial electrospun fibers are utilized to encapsulate the epoxy resin and its 
hardener as healing agents into the core of the fibers. The presence of two distinct 
protective walls enables the control of interfacial interaction between outer layer of fibers 
with epoxy matrix and thus preserving the mechanical properties of composite compared 
to virgin structure. In addition, utilization of a polymeric middle layer with low affinity 
to encapsulated liquids minimizes the environmental effect on healing agents, and extends 
the efficiency and lifetime of healing functionality of the fibers. Two different composite 
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production techniques are employed to fabricate self-healing epoxy based composite 
structures. In the first method, tri-axial electrospun fiber reinforced epoxy composites 
were fabricated by using classical molding technique in which electrospun fibers act as 
both reinforcement and healing agent. In the second method, vacuum infusion technique 
was employed to fabricate glass fiber/tri-axial electrospun fibers/epoxy composite in 
which tri-axial healing fibers provide self-healing functionality at the interface of the 
glass fibers with epoxy matrix and enhance the composite toughness. Traditional 
mechanical testing methods and different SHM techniques such as FBG sensors, acoustic 
emission, and Poisson’s ratio reduction are employed to analyze the health and damage 
states of components in the localized and global scale in real time. Successful and 
recurring self-healing ability of composite structures and healing functionality of fibers 
at the interface of glass fiber with the epoxy matrix are confirmed through different 
characterization techniques. To reiterate, the integration of multi-functional tri-axial 
electrospun fibers into composite structures as well as utilization of SHM techniques to 
evaluate the performance of self-healing materials which is developed in this work, can 




CHAPTER 6. NANO-ENGINEERED DESIGN AND MANUFACTURING OF 
HIGH-PERFORMANCE EPOXY MATRIX COMPOSITES WITH CARBON 
FIBER/SELECTIVELY INTEGRATED GRAPHENE AS MULTI-SCALE 
REINFORCEMENTS 
Three different architectural designs are developed for manufacturing advanced 
multi-scale reinforced epoxy based composites in which graphene sheets and carbon 
fibers are utilized as nano- and micro-scale reinforcements, respectively. In the first 
design, electrospraying technique as an efficient and up-scalable method is employed for 
the selective deposition of graphene sheets onto the surface of carbon fabric mats. 
Controlled and uniform dispersion of graphene sheets on the surface of carbon fabric mats 
enhances the interfacial strength between the epoxy matrix and carbon fibers and 
increases the efficiency of load transfer between matrix and reinforcing fibers. In the 
second design, graphene sheets are directly dispersed into the hardener-epoxy mixture to 
produce carbon fiber/epoxy composites with graphene reinforced matrix. In the third 
design, the combination of the first and the second arrangements is employed to obtain a 
multi-scale hybrid composite with superior mechanical properties. The effect of graphene 
sheets as an interface modifier and as a matrix reinforcement as well as the synergetic 
effect due to the combination of both arrangements are investigated in details by 
conducting various physical-chemical characterization techniques. Graphene/carbon 
fiber/epoxy composites in all three different arrangements of graphene sheets show 
enhancement in in-plane and out of plane mechanical performances. In the hybrid 
composite structure in which graphene sheets are used as both interface modifier and 
matrix reinforcing agent, remarkable improvements are observed in the work of fracture 
by about 55% and the flexural strength by about 51% as well as notable enhancement on 
other mechanical properties. 
6.1. Introduction 
Multi-scale reinforced polymeric composite materials with superior mechanical 
and physical properties as well as multi-functionality play a key role in rapid 
technological development in recent years [133, 134]. Fiber-reinforced thermoset 
composites having favorable strength-to-weight and stiffness-to-weight ratios have 
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emerged as high-performance structural materials in applications such as wind turbines 
[135], construction [136], aeronautics [137], and aerospace [138]. However, most of the 
fiber-reinforced composites suffer from poor damage tolerance, impact resistance, 
delamination strength, and low fracture toughness, which have put serious restrictions on 
the wider usage of composites in engineering applications and the state-of-the-art load 
bearing structures [19, 139, 140] .The performance of fiber-reinforced composites is 
particularly affected by the properties of the constituent materials and the strength of 
fiber–matrix interfaces which influence the efficiency of load transfer from the matrix to 
the reinforcements [9, 10]. In order to address these issues and achieve the desired 
performance, there have been several attempts for the enhancement of composite 
properties which are categorized into two parts: improvement of matrix properties and 
interface modification [11]. One of the main methods for the improvement of the matrix 
dominant property is based on the dispersion of modifier particles into the matrix of fiber 
reinforced structures. These modifier particles are divided into two categories which are 
soft thermoplastic or rubber particles[141] and rigid reinforcing particles [142]. The 
incorporation of soft particles into epoxy matrix leads to several processing limitations 
[143] and also the reduction in strength, modulus, stiffness and glass transition 
temperature (Tg) of matrix [144, 145]. On the other hand, the integration of rigid fillers 
into the matrix provides promising modification possibility by improving toughness, 
stiffness, modulus and Tg values of composites [146]. Nevertheless, it was reported in the 
literature that the soft particles provide higher toughening in comparison to rigid particles 
[147]. When compared to the changes in the matrix dominant properties, the addition of 
both soft and rigid particles rarely influences the fiber-dominated mechanical properties 
of composites [148].  
The mechanical properties and the performance of fiber reinforced composite 
structures are also affected by interfacial bondings between fiber and matrix in which 
weak interfacial strength undermines shear stress transfer to fibers thus limiting the 
performance and the efficiency of composite structures. There are different types of fiber 
surface modification techniques such as polymeric coating [149], thermal treatment 
[150], chemical oxidation [151], plasma treatment [152] and increasing the surface 
roughness of carbon fibers[153] in order to create better chemical and physical 
interactions between fiber reinforcement and the polymer matrix. Recently, the 
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integration of reinforcing nanoparticles onto the surface of primary reinforcing fibers has 
emerged as an alternative technique to enhance the interfacial interaction between the 
constituents[154] and several methods have been developed for the deposition of 
nanoparticles on the surface of reinforcement micro-fibers [155]. Chemical vapor 
deposition (CVD) is one of the methods that has been applied to grow carbon nanotubes 
on the surface of carbon fibers to achieve higher interlaminar strength and toughness in 
multi-layered composites [154]. However, the CVD process is time-consuming and 
energy demanding and, in turn, expensive in pilot-scale production owing to harsh 
processing conditions and high processing temperature. The processing conditions cause 
the removal of fiber sizing material applied onto fibers during manufacturing hence 
deteriorating the original mechanical performance of fibers [156]. Furthermore, 
electrophoresis is another technique for the deposition of electro-active nanoparticles onto 
the carbon fiber surface by applying DC potential between the carbon fibers and the 
counter electrode [156]. However, this method is limited for certain types of nanoparticles 
which mostly are carbon-based nanoparticles [157]. In another deposition technique, 
carbon fibers are directly coated by a sizing solution containing nano-particles [51, 158]. 
Herein, the viscosity of sizing solution changes by the addition of nanoparticles and also 
this technique requires further energy and time-consuming drying steps. In addition, 
sizing material coated on carbon fiber hinders the direct contact between matrix and 
nanoparticles. The interactions of carbon nanotube with the matrix are extensively studied 
to improve the characteristic properties of fiber reinforced composites. Graphene has also 
started receiving attention as modifier/reinforcement in polymers and polymeric 
composites due to being one of the strongest materials ever measured with a theoretical 
Young’s modulus of 1060 GPa and an ultimate strength of 130 GPa [12, 13]. In addition, 
high specific surface area of graphene sheets results in stronger interfacial interactions 
and better load transfer between polymeric matrix and reinforcement particles which 
make them suitable candidate for nanocomposite fabrication [14]. It is known that 
nanocomposites reinforced by graphene-based materials even at very low loadings have 
shown great influence on mechanical performance, thermal, electrical conductivity, and 
flame retardancy in comparison of unmodified polymers [15, 16]. One of the main 
methods for the improvement of the matrix dominant property is based on the dispersion 
of modifier particles into the matrix of fiber reinforced structures. The integration of rigid 
fillers into the matrix provides promising modification possibility by improving 
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toughness, stiffness, modulus and Tg values of composites [146]. On the other hand, the 
mechanical properties and the performance of fiber reinforced composite structures are 
also affected by interfacial bondings between fiber and matrix in which weak interfacial 
strength undermines shear stress transfer to fibers thus limiting the performance and the 
efficiency of composite structures. 
In the present work, electrospraying (or electrohydrodynamic spraying) 
technology is used for the deposition of thermally exfoliated graphene oxide (TEGO) 
sheets on the surface of carbon fibers for the modification of carbon fibers /epoxy matrix 
interface without damaging the original properties of carbon fibers. To the best of our 
knowledge, there is no published work for the deposition of graphene sheets on the 
surface of carbon fiber by electrospraying process. This technique is fast, efficient, cost-
effective and easily up-scalable process since it is possible to control the amount of 
nanoparticles precisely, coating rate, the position of coating and final dispersion state of 
deposited reinforcing particles. TEGO as nano reinforcement was selectively dispersed 
into epoxy/carbon fiber composite with three different arrangements. In the first 
arrangement, TEGO was dispersed onto the surface of reinforcing carbon fibers via 
electrospraying to enhance interfacial interaction between fiber and matrix. In the second 
arrangement, hardener containing TEGO was prepared by sonication process and then 
mixed with epoxy resin. The final mixture is used to impregnate the stack of dry carbon 
fiber through the vacuum infusion process thereby producing carbon fiber reinforced 
composites. In the last arrangement, the combination of the first and the second 
arrangements was employed to obtain a multi-scale hybrid composite with superior 
mechanical properties. In this hybrid design, the failure behavior of carbon fiber 
reinforced epoxy matrix composites structures is improved by multi-scale mechanisms 
where traditional continuous carbon fiber reinforces the composite structure in micron-




Materials used are N, N dimethyl formamide (DMF, Sigma-Aldrich, 99%), 
Thermally exfoliated graphene oxide (TEGO) Grade-2 (purchased from Nanografen Co.), 
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Araldite LY 564 resin, Hardener XB 3403, uniaxial carbon fabrics of Metyx company 
with the average weight of 310 g/m2 (300 g/m2 800 Tex 12K along 0o direction, and 10 
g/m2 68 Tex E-Glass along 90o direction). 
6.2.2. Selective dispersion of TEGO as matrix and interface reinforcing 
agents 
Two different approaches were employed to integrate TEGO sheets into a 
composite structure. In the first approach as schematically represented in Figure  6.1a, 
TEGO sheets were exfoliated and dispersed into low viscosity hardener liquid by using 
probe sonicator (Qsonica, Q700) for 10 min at room temperature, and then bath sonication 
(Sonorex Digital 10P, Bandelin GmbH, Germany) was applied for complete exfoliation 
and stabilization of the TEGO-containing hardener for 24 hr at 40oC.  
In the second approach, 0.1 wt% TEGO sheets were directly dispersed in DMF by 
means of probe and bath sonication to obtain well-dispersed electrospray solutions for the 
coating process. Then, the prepared suspension was loaded into electrospraying syringe 
and subsequently sprayed onto both surfaces of dry carbon fiber ply under an electrical 
voltage of 15 kV, solution flow rate of 100 µl/min and spraying distance of 15 cm (Figure  
6.1b). In order to spray TEGO sheets on the entire surface area of carbon fabric/ply, 
electrospraying system was mounted on a homemade fully automated two axis router 
system with variable movement speed in both x- and y-directions so that spraying can be 









Figure  6.1 Schematic representation of (a) dispersion of TEGO sheets into the epoxy 
matrix to obtain nano-reinforced matrix and (b) dispersion of TEGO sheets as an 
interface reinforcement agent by electrospraying process. 
6.2.3. Fabrication of Multi-scale reinforced epoxy composites 
As the first step, the classical molding technique was employed to fabricate TEGO 
reinforced composite samples to find the optimum concentration of dispersed TEGO 
sheets into the epoxy matrix. To this end, mixtures of degassed resin and hardener system 
with different TEGO sheet concentrations were poured into Teflon molds, vacuumed in 
a vacuum oven to remove the entrapped air bubbles from the resin, cured at 75°C for 24 
h, and then post cured at 90°C for 24 h. The molded samples were processed into three-
point bending test specimens with the length, width, and the thickness of 100 mm, 14 
mm, and 3 mm, respectively.  
As the second step, composite laminates with three different multi-scale 
reinforcement architectures were produced to scrutinize how the method of integrating 
TEGO sheets into carbon fiber reinforced epoxy matrix composite affects the mechanical 
properties of manufactured composites. To this end, in the first design, TEGO sheets were 
electrosprayed onto both surfaces of unidirectional dry carbon fiber plies as an interface 
modifier. Subsequently, electrosprayed carbon fiber plies are stacked into a [90°/0°]S 
configuration and then impregnated by a degassed neat epoxy resin-hardener system as 







to be 0.01 wt%. In the second design, TEGO sheets were dispersed directly into epoxy 
and hardener mixture to act as a matrix reinforcement agent. Neat carbon fiber plies with 
[90°/0°]S stacking sequence were also impregnated by this TEGO integrated resin system 
after degassing. The weight percentage of TEGO in the epoxy-hardener mixture is 0.05 
and the total weight percentage of TEGO in the manufactured carbon fiber reinforced 
composite is 0.01 wt%. The third design is the combination of the first and the second 
approach such that both TEGO deposited carbon fiber plies with the same stacking 
sequence as before and TEGO containing epoxy-hardener mixtures were used to fabricate 
composite laminates. The total weight percent of TEGO in this combination is 0.02 wt%. 
In each design, stacked carbon fiber plies (neat or TEGO deposited) were impregnated 
by degassed resin using vacuum infusion method. The dimension of the manufactured 
composite laminates is 40 cm × 35 cm × 0.12 cm. 
The volume fractions of carbon fiber in the composite laminates were calculated 
by burning test to be nearly 70 % of overall composites. The composite panels were cut 
to the size of flexural, tensile, DMA and impact test specimens: namely, 8 cm × 1.5 cm × 
0.12 cm, 20 cm × 2.5 cm × 0.12 cm (with the gage length of 15 cm), 6.5 cm × 1 cm × 
0.12 cm and 6 cm × 1 cm × 0.12 cm, respectively. To avoid the breakage of tensile 
specimens at grip locations, aluminum tabs with a dimension of 3 cm × 2.5 cm × 0.1 cm 
were bonded to the both ends of specimens by using two-component room temperature 





Figure  6.2 Schematic representation of composite manufacturing by vacuum infusion, 
(a) stacking sequence where the yellow region indicates the cut specimen for 
mechanical tests, and (b) the vacuum infusion system. 
6.2.4. Characterization 
The morphologies of TEGO before and after dispersion and of carbon fibers with 
and without graphene deposition were analyzed by a Leo Supra 35VP Field Emission 
Scanning Electron Microscope (SEM) and the cross-sectional area of specimens after 
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breakage was analyzed by a JEOL JSM 6010 Scanning Electron Microscope (SEM). 
Raman spectroscopy was used to analyze the structural changes of graphene layers and 
carbon fibers by using a Renishaw inVia Reflex Raman microscopy system with the laser 
wavelength of 532 nm at room temperature in the range of 100–3500 cm-1. X-ray 
photoelectron spectroscopy (XPS) measurements were conducted by using a Physical 
Electronics Quantum 2000 Scanning ESCA Microprobe. The mechanical tests were 
conducted by ZWICK Proline 100 Universal Test Machine (UTM) with 10 and 100 kN 
load cells for 3-point bending and tensile tests, respectively, with a constant cross-head 
speed of 2 mm/min. The three-point bending and tensile tests on the relevant specimens 
were performed in accordance with ASTM D790-03 and ASTM D5083–02 standards, 
respectively. The axial and transverse strains were measured during tensile tests with two 
clip-on strain gage extensometers (Epsilon, Tech. Corp.). To scrutinize the failure 
mechanisms of manufactured composites, a detailed fractographic analysis was carried 
out on the cross section along the length of the specimen through thickness following the 
detailed procedure given in our previous publication [18]. Charpy impact tests of the 
composites were performed on an instrumented CEAST Resil Impactor apparatus at a 
speed of 2.9 m s−1 by using a pendulum with nominal energies of 4 J. The measurements 
were conducted according to ASTM D256 method by using rectangular unnotched 
specimens. 
6.3. Results and discussion 
6.3.1. Morphologies and properties of TEGO 
The surface chemistry of graphene significantly influences its dispersion in the 
epoxy matrix hence affecting the amount of improvement to be achieved in the 
mechanical performance of composites. Specifically, carbon/oxygen ratio of graphene 
and the viscosity of hardener-epoxy mixture are two important parameters which directly 
affect the dispersion behavior of graphene sheets. In order to prevent aggregations of 
graphene sheets and reduce the defects in the matrix, TEGO is preferred as a reinforcing 
agent in the present work since thermal treatment removes most of oxygen groups from 
the surface of the graphene oxide, increases exfoliation ratio and changes the hydrophilic 
nature of graphene oxide [159]. The oxygen content of TEGO determined through XPS 
analysis is about 6% (provided by the manufacturer) and this oxygen amount is sufficient 
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to provide proper interactions between TEGO and amine-based hardener or 
solvents.[160] SEM micrographs in Figure  6.3a and 5.3b reveal the layered structure and 
worm-like appearance of as received TEGO sheets before applying any sonication. 
However, after the sonication, the complete dispersion and layer separation of TEGO in 
the DMF can be seen clearly in Figure  6.3c. In addition, as received TEGO sheets have 







Figure  6.3 SEM micrographs of (a, b) as received TEGO particles at different 
magnifications and (c) TEGO sheets after the dispersion into DMF by sonication. 
6.3.2. TEGO as a primary reinforcement 
6.3.2.1. Mechanical performance of epoxy/TEGO Nanocomposites 
 In the initial step of composite production, the optimum amount of TEGO in the 
epoxy matrix was determined by applying classical molding technique. Figure  6.4a 
shows flexural stress-strain curves for the neat specimen and TEGO reinforced epoxy 
specimens with three different TEGO concentrations of 0.0125 wt%, 0.025 wt% and 0.05 
wt%. Figure  6.4b and 5.4c exhibit changes in flexural modulus and strength of 
epoxy/TEGO nanocomposites as a function of TEGO concentration. In both flexural 
modulus and strength values, a gradual increase is observed until the 0.025 wt% TEGO 
and the maximum mechanical performance is reached at the concentration of 0.05 wt% 
TEGO. In addition, 0.05 wt% of TEGO is the highest concentration for homogeneous 
dispersion and complete exfoliation during the sonication process. Otherwise, the 
presence of unexfoliated particles in composite structure creates stress concentration 
sites, which degrade the mechanical performance of the structure.  
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Table 2.1 gives the improvement percentages of flexural modulus and strength of 
TEGO reinforced epoxy specimens. The highest increase in flexural modulus is 85% and 
the highest increase in flexural strength is 64 %, which are achieved by the addition of 
0.05 wt% TEGO. Considering the limitation in dispersibility of TEGO in hardener due to 
the notable increase in its surface area after being exfoliated, and the corresponding 
highest mechanical performance achieved, 0.05 wt% was chosen to be maximum 
achievable TEGO concentration that can be uniformly and properly dispersed in epoxy 
matrix and deemed to be optimum concentration as a co-reinforcement together with 







Figure  6.4 (a) Flexural stress–strain curves of neat and TEGO/epoxy composite 
specimens with different TEGO contents, (b) flexural modulus improvement and (c) 
flexural strength improvement graphs as a function of TEGO content. 
Table 6.1 Flexural strength and modulus values and their improvement percentages of 
neat and TEGO/epoxy composites. 
 
 
Neat 0.0125 wt% 0.025 wt% 0.05 wt% 
Flexural Strength (MPA) 75±2 109±5 117±3 123±2 
Flexural Strength improvement (%) ---- 45 56 64 
Flexural Modulus (GPA) 1.68±.08 2.53±0.3 3±0.1 3.1±0.1 
Flexural Modulus improvement (%) ---- 51 78 85 
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6.3.2.2. Fracture surface analysis of neat specimen and TEGO/Epoxy 
composite 
 Examining the morphology of fracture surfaces helps understand the dispersion 
behavior of TEGO sheets and the failure mechanisms in the crack regions. Figure  6.5 
exhibits SEM images for the fracture surfaces of the neat specimen and 0.05 wt% 
TEGO/epoxy composite after 3-point bending tests. The fracture surface of the neat 
specimen presented in Figure  6.5a and 5.5b at different magnifications is flat and smooth 
which is the characteristic of brittle fracture behavior and points to the low fracture 
toughness of the neat specimen. In contrast, the fracture surface of composite reinforced 
by 0.05 wt% TEGO is significantly rougher than that of the neat specimen as seen in 
Figure  6.5c and 5.5d. The increase in the roughness of fracture surface associated with 
the creation of additional surfaces due to the crack deflection, tilting and twisting during 
fracture is common for particle reinforced composites. [161] The creation of rough 
surfaces can facilitate the dissipation of energy during the breakage of composites, which 
bespeaks the reinforcement effect of TEGO sheets in the epoxy matrix. Here, the 
toughness increases since TEGO sheets are tightly held to the resin by strong interfacial 
bonding between TEGO and epoxy matrix. Furthermore, uniform roughness is observed 
in Figure  6.5c and 5.5d, which indicates homogeneous dispersion and complete 

















Figure  6.5 SEM images of the fracture surface of specimens after three-point bending 
tests (a, b) neat epoxy, and (c, d) 0.05 wt% TEGO/epoxy composite. 
6.3.3. Modification Carbon Fiber-Epoxy Matrix Interface by Electrospray 
Deposition of TEGO  
Electrospraying method is employed for the deposition of TEGO sheets onto the 
surface of carbon fabric mats. This method is a solvent based technology in which TEGO 
sheets are initially dispersed into a suitable solvent and then atomized by means of 
electrical forces. In the electrospraying process, high electric field force is applied 
between the nozzle and the carbon fiber mat thus breaking up the initial droplet formed 
at the tip of the nozzle into fine electrically charged droplets [162]. The electric field 
between the nozzle and the target provides a guided path for these fine droplets thereby 
leading to uniform, homogeneous, and target localized coverage of carbon fiber mat by 
nano-reinforcing particles. At this point, the crucial parameter is the preparation of TEGO 
suspension solutions in which TEGO sheets are fully exfoliated and can be stable in 
suitable time scale. The complete exfoliation and stable suspensions are just achieved by 
multi-step and extensive sonication processes. Figure  6.6a and 5.6b reveal smooth 
surface and parallel superficial grooves of as-received carbon fabric mat at different 
magnifications while Figure  6.6c and 5.6d show very thin and transparent graphene layer 
formation on the surface of carbon fibers after TEGO dispersion. In addition, Figure  6.6e 
provides a low magnification image for carbon fabric surface after electrospraying 
treatment wherein one can see that TEGO sheets cover the fabric surface discretely and 
uniformly. It is noted that electrospraying process does not damage the consistency of 
fibers since carbon fibers still preserve original surface morphology after solution 
spraying. Extremely thin graphene layers (with a very large surface area to volume ratio) 
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have strong tendency to attach on active surfaces due to attractive interfacial forces (i.e., 
van der Waals forces, electrostatic interactions and dangling bonds, among others).[163] 
These interactions are strong enough to deform graphene sheets in an out-of-plane 
direction whereby graphene sheets can conform onto the surface geometry of carbon fiber 
as seen in Fig. 6c and 6d, and to prevent graphene sheets from falling off the surfaces of 
carbon fiber strands during the handling and processing. The presence of graphene sheets 
on the surface of carbon fibers enhances the interfacial strength between fibers and 
polymeric matrix by increasing the surface roughness and surface energy as well as 
providing chemical and hydrogen bonding between matrix and reinforcement due to the 










Figure  6.6 SEM images of carbon fabric mat (a, b) as-received, (c, d) after 
electrospraying of TEGO sheets and (e) low magnification image of carbon fabric with 
electrosprayed TEGO. 
In order to evaluate the effect of electrospraying process on the structural changes 
and surface chemistry of the carbon fibers, RAMAN and XPS analysis were performed 
on untreated and electrosprayed fibers. Figure  6.7 presents the Raman spectra of as 
received carbon fiber, TEGO sheets, and TEGO sprayed carbon fibers. Carbon fiber 
exhibits two main characteristic Raman peaks which are D peak at ~1353 cm−1 
corresponding to disordered carbon structure and G peak at ~1584 cm−1 attributed to 
graphitized carbon and in-plane vibrations of sp2 bonded carbon atoms [164]. On the other 
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hand, pristine TEGO has D, G and 2D peaks, which lie at around 1348 cm−1, 1575 cm−1, 
and 2720 cm-1, respectively. After the deposition of TEGO sheets on the surface of carbon 
fibers, the characteristic peaks of graphene become dominant and 2D band appears at 
2721 cm-1 whose intensity directly depends on the number of graphene layers [165]. This 
observation indicates that carbon fiber surface is covered by graphene sheets. It is known 
from literature that the ratio of D and G peak intensities (ID/IG) gives defect concentration 
in carbonic structure, and higher ID/IG stands for the higher sp
3/sp2 ratio in carbonic 
structure [164]. Table 6.2 compares the intensities of Raman peaks and ID/IG ratios of 
pristine TEGO, pristine carbon fiber and TEGO sprayed carbon fiber. Low ID/IG ratio for 
TEGO sheets confirms that TEGO sheets are mostly in graphitic structure and carbon 
atoms mainly are in sp2 type bond geometry, which is responsible for high conductivity 
of TEGO sheets. On the other hand, neat carbon fiber has higher ID/IG ratio about 0.96 
indicating the dominance of sp3 bonds. After the coverage of TEGO sheets on carbon 
fiber mats, ID/IG ratio significantly decreases since Raman peaks of graphene become 
prominent. Furthermore, IG/I2D ratio directly depends on the number of graphene layers 
and indicates the coating thickness. After the appearance of 2D peak in Raman spectra of 
TEGO coated carbon fibers, IG/I2D ratio is about 1.84 which is lower than the ratio of 
pristine TEGO about 1.99. This indicates that graphene layers are dispersed on the carbon 
fiber mat under electric field during electrospraying process thereby covering the surface 
of carbon fibers, but graphene sheets still preserve its multi-layer structure. Consequently, 
Raman spectroscopy analysis proves TEGO coating on carbon fiber surface since Raman 




Figure  6.7 Raman spectra of as received carbon fiber, TEGO sheets, and TEGO 
sprayed carbon fiber 
XPS is a quantitative surface analysis technique that is used to evaluate the 
elemental composition and functional groups of as received carbon fiber, TEGO sheets, 
and TEGO sprayed carbon fibers. In order to determine oxygen-containing functional 
groups, C1s and O1s signals were analyzed at binding energies of ~286 and ~532 eV, 
respectively, and functional groups were assigned based on the characteristic binding 
energy of each element.[166] The intensities of C1s and O1s peaks for each material were 
compared in the XPS survey scan spectra as seen in Figure  6.8 C/O ratios and types of 






Table 6.3. C/O ratios of as received carbon fiber, TEGO and TEGO sprayed 
carbon fiber are 3.6, 14.8 and 5.0, respectively. The changes in C/O ratio indicate that the 
deposition of TEGO sheets on carbon fiber surface changes the elemental composition 
and thus the carbon content on the surface of carbon fiber increases. In  
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Table 6.3, the C1s envelope of TEGO sheets has mainly sp2 carbon bonds about 
77.3 at.% because of a hexagonal ring of six carbon atoms in TEGO structure. The C1s 
peaks of carbon fibers contain C-C bonds at 284.8 eV, C-O bond at 286.4 and O=C-O 
bond at 289 eV with the atomic weight percentages of 41, 34.4 and 3, respectively and no 
sp2 hybridized carbon atoms (C-C) are detected on the surface of carbon fibers. After the 
electrospraying of TEGO sheets on carbon fiber surface, sp2 carbon atoms appear in the 
structure with the atomic weight percentage of 4.0. The deconvoluted O1s XPS spectrum 
of TEGO sprayed carbon fiber exhibits C=O bonds at 531 eV due to the coverage of 
TEGO sheets.  XPS analysis also confirms the coating of TEGO sheets on carbon fiber 
mats quantitatively. 
 
Figure  6.8 XPS survey scan spectra of as received carbon fiber, TEGO, and TEGO 
sprayed carbon fiber 
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Table 6.2 The intensities and peak positions of D and G bands, and ID/IG ratios of 
pristine carbon fiber, TEGO sprayed carbon fiber and TEGO sheets 
  
D band 
intensity (a. u.)  
G band 
intensity (a. u.)  
ID/IG 
 




As received Carbon Fiber  7763 8073 0.96 __  __ 
TEGO sprayed Carbon 
Fiber 
 2016  8840  0.22  4808  1.84 






Table 6.3 XPS spectra results of C1s and O1s for TEGO, carbon fiber, and TEGO 
sprayed carbon fiber 
Sample 






















 C-C 284.8 48.5  C-O 532.9 15.3  
5.0 
 C-O 286.4 28.4  C=O  531.0 1.4  
 O=C-O 288.9 1.4      
 C-C sp2 284.1 4.0      
As received 
carbon fiber 
 C-C 284.8 41.0  C-O 532.8 21.7  
3.6  C-O 286.4 34.4      
 O=C-O 289.0 3.0      
TEGO 
 C-C 284.8 3.1  C-O 532.4 4.3  
14.8 
 C-O 286.3 3.1  C=O 530.6 1.6  
 O=C-O 288.9 4.25      
 C-C sp2 284.1 77.3      
 C=O 287.8 1.0      
6.3.4. Mechanical performance of multi-scale reinforced composites 
Four different composite samples were designed and fabricated through vacuum 
infusion technique: (1) conventional epoxy/carbon fiber composites without any TEGO 
sheets as a reinforcement (CFRP),  (2) epoxy/carbon fiber composite with 0.01 wt% 
TEGO as an interface reinforcement (CFRP/INT), (3) epoxy/carbon fiber composite with 
0.01 wt% TEGO as a matrix reinforcement (CFRP/MTX) and, (4) epoxy/carbon fiber 
composite fabricated by the addition of both 0.01 wt% TEGO as an interface 
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reinforcement and 0.01 wt% TEGO as an matrix reinforcement (CFRP/INT+MTX). The 
performances of these four arrangements were evaluated by in- and out-of-plane 
mechanical tests and impact tests to determine the ideal multi-scale reinforcement 
configuration.  
6.3.4.1. Flexural properties 
 Flexural properties are key parameters for the evaluation of mechanical 
performance and understanding the interactions between matrix and fiber at the interface 
in composite materials. The representative flexural stress vs. strain curves obtained from 
3-point bending tests for four different specimens are shown in Figure  6.9a. Three 
different flexural properties were obtained from these tests: that is to say, flexural 
modulus (FM) as a parameter for the tendency of the composite material to bend, flexural 
strength (FS) as a factor indicating the resistance of materials against the fracture, and the 
work of fracture (WOF) scaling the energy dissipated in the course of fracture of the 
specimen. The flexural test results show that FM, FS and WOF values of the multi-scale 
epoxy composites reinforced by any arrangement of nano-reinforcements are notably 
higher than those of conventional carbon fiber/epoxy composite signifying the efficacy 
of engineered nano-integration. In comparison of the results of CFRP, FM, FS and WOF 
values of interface modified CFRP (CFRP/INT) specimens produced by electrospraying 
of TEGO sheets on carbon fiber mats increase about 18.5 %, 16.2 %, and 31 %, 
respectively. TEGO sheets used as an interface modifier have matrix compatible 
functional groups that enhance the interfacial properties and subsequently improve the 
interfacial bonding strength thereby leading to more effective load distribution among 
phases, and also inhibition of micro cracks at the interface. In the case of matrix modified 
CFRP specimens fabricated by direct mixing of TEGO sheets in epoxy-harder mixture 
(CFRP/MTX), FM, FS and WOF are improved by about 15 %, 20.5 %, and 22.3 %, 
respectively. The CFRP/MTX specimens have notably lower WOF improvement 
percentage than CFRP/INT specimens, which stems from different fracture mechanisms 
between these two composite arrangements. Namely, in the CFRP/INT specimens, 
fracture occurs at higher strain values as seen in Figure  6.9a and fiber breakage becomes 
dominant during failure mechanism. On the other hand, as for CFRP/MTX specimens, 
the presence of TEGO sheets in the matrix increases the matrix modulus whereby the 
matrix carries higher loads with respect to the matrix of CFRP/INT specimens in 
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accordance with the rule of the mixture in composite materials. As a result, the higher 
amount of cracks occurs in matrix and failure occurs at lower strain values as can be seen 
in Figure  6.9a, and Figure  6.10b-c. During 3-point bending tests, matrix cracking 
dissipates less energy compared to carbon fiber breakage that explains the difference 
between WOF values of these two types of composites. As for the composites with multi-
scale and multi-arrangement reinforcements (CFRP/INT+MTX) in which both matrix 
and interface of composite structure are modified by TEGO sheets, due to synergic effect 
of two different TEGO arrangements, FM, FS and WOF are enhanced by 31.1 %, 51.2 
%, and 55 %, respectively. In CFRP/INT+MTX specimens, compared to CFRP/MTX 
specimens, the higher portion of applied load is transferred to fibers due to the modified 
interface, and so, both matrix cracking and fiber failure contribute to the failure of 
structure because of enhanced interface properties and more efficient load transfer from 
matrix to the reinforcing fibers. Therefore, TEGO sheets acting as a reinforcing agent in 
both matrix and fiber structure in multi-scale composite design increase WOF values due 
to the higher energy dissipation.    
6.3.4.2. Tensile properties 
 The effect of TEGO on tensile properties of composites produced by different 
arrangements was investigated by applying an axial load by UTM. Fig .9b exhibits the 
representative tensile stress and strain curves of four carbon fiber epoxy composites with 
different nano-reinforcement configurations. As can be obviously observed in Figure  
6.9b, for any nano-reinforcement configurations, tensile modulus (TM) and tensile 
strength (TS) of nano-reinforced multi-scale epoxy composites are higher than those of 
conventional carbon fiber/epoxy composites. TM and TS values of CFRP/INT specimens 
are enhanced by about 15.5% and 9.6%, respectively because of improved interfacial 
bonding strength in the presence of interface modifier particles. On the other hand, TM 
and TS of CFRP/MTX specimens are improved by about 20.3% and 17.4%, respectively 
due to the contribution of TEGO sheets to load distribution and their ability to enhance 
the matrix properties. In CFRPs, the main load carrying constituent along the tensile 
direction is carbon fibers. Therefore, expectedly, the improvement in the tensile 
properties due to the interface modification by TEGO is not as notable as that in flexural 
properties since the TEGO does not improve the tensile properties of carbon fiber 
properties. As in the case of the matrix modification, since the TEGO significantly 
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modifies the matrix properties in a volumetric manner recalling Figure  6.4, the 
improvement is observed regardless of loading direction, namely, flexural and tensile. In 
composites with the multi-scale and multi-arrangement of nano-reinforcements 
(CFRP/INT+MTX), the improvement in TM and TS are about 20.3 % and 19.4 %. These 
values are rather close to those obtained for CFRP/MTX specimens given that in the 
tensile mode, the volumetric matrix properties are dominant over interface properties 
between the matrix and the carbon fiber.  
During tensile tests, axial strain (εx) and transverse strain (εy) were monitored by 
axial and transversal extensometers simultaneously wherefrom Poisson’s ratio, xy=-εy/εx 
corresponding to a contraction in y-direction when an extension is applied in x-direction, 
is computed  and then plotted as a function of axial strain in Figure  6.9c. 
Poisson’s ratio increases rapidly for all specimens with the rise in the axial strain and then 
reach a plateau. This initial rise in the Poisson’s ratio is due to the fact that lateral strain 
increases nonlinearly as a function of applied axial strain. As seen from Figure  6.9c, each 
composite configuration acquires different plateau behavior.  One may observe that in the 
region where the Poisson’s ratio is of an increasing trend, for a given axial strain value, 
Poisson’s ratios of the nano-integrated composite specimens are smaller than the 
Poisson’s ratio of the neat specimen. This bespeaks that the stiffness of the nano-
integrated composites increases thereby reducing the lateral deformation. The comparison 
of the results of nano-integrated composite specimens indicates that the matrix 
reinforcement with the graphene is more effective in increasing the stiffness of the 
composite structure.   Moreover, the results of Poisson’s ratio are in agreement with the 
outcomes of other mechanical tests where the specimens with TEGO as both matrix 
reinforcement and interface modifier have higher mechanical performance due to strong 
interfacial bonding between nano-reinforced matrix, and surface modified carbon fibers, 
enabling improved load transfer across the composites. 
6.3.4.3. Charpy impact test 
 Charpy impact test is used to determine the impact strength or energy absorbed 
during the fracture of specimens under high strain rates. The improvement in the impact 
strength of CFRP/INT, CFRP/MTX, and CFRP/INT+MTX specimens are about 16.6%, 
25.3%, and 29.9%, respectively, compared to unmodified CFRP specimens. The fact that 
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the CFRP/MTX composite specimens yield higher impact strength than CFRP/INT 
specimens and also the negligible difference in the impact strengths of CFRP/MTX and 
CFRP/INT+MTX specimens are evidence for matrix toughening effect of graphene 
sheets. Expectedly, CFRP/INT specimens do not have as much increase in the impact 
strength as two others since nano graphene as interface modifier is more effective for load 
transfer between carbon fibers and matrix and do not contribute to the toughness of the 
composites at high strain rates. For all composites, the summary of the results of 
mechanical tests and achieved percent improvements in mechanical properties with 




Table 6.4 and Figure  6.9d, respectively. As can be clearly seen in Figure  6.9d, 
the integration of TEGO sheets in any arrangements as matrix reinforcement or a carbon 
fiber epoxy matrix interface modifier widen the mechanical performance window of the 
composite structure. In addition, specimens with TEGO sheets as an interface modifier 
show higher FS and WOF values compared to the specimens with TEGO used as a matrix 
reinforcing agent. On the other hand, specimens with TEGO as matrix reinforcement 
show greater FM, TS, TM and impact strength (IMP) values compared to the interface 
modified specimens. Furthermore, the synergic effect of TEGO integration as matrix 
reinforcement and interface modifier results in a wider window of the mechanical 































































Figure  6.9 (a) Flexural stress-strain curves, (b) tensile stress–strain curves (c) Poisson’s 
ratio versus axial strain of carbon fiber-reinforced epoxy specimens with different 
TEGO arrangements and (d) the  window of percentage improvement in mechanical 




Table 6.4 Summary of mechanical properties of carbon fiber reinforced specimens 
 CFRP CFRP/INT CFRP/MTX CFRP/INT+MTX 
Flexural Strength (MPa) 730±19 865±28 853±22 1104±30 
Flexural Strength improvement 
(%) 
---- 18.5 15 51.2 
Flexural Modulus (GPa) 74.2±3 86.2±2 89.4±1 97.3±5 
Flexural Modulus improvement 
(%) 
---- 16.2 20.5 31.1 
WOF (kJ/m2) 18.0±0.6 23.5±0.4 22.3±0.2 27.9±0.8 
WOF improvement (%) ---- 31 24 55 
Tensile Strength (MPa) 670.8±32 735.5±28 787.9±31 800.9±14 
Tensile Strength improvement (%) ---- 9.6 17.4 19.4 
Tensile Modulus (GPa) 18.7±0.5 21.6±0.2 22.5±0.5 22.5±0.3 
Tensile Modulus improvement (%) ---- 15.5 20.3 20.3 
Impact Strength (kJ/m2) 89.3 104.1 111.9 116.0 
Impact Strength improvement (%) ---- 16.6 25.3 29.9 
 
6.3.5. Microscopic observation and failure mechanisms 
A fractographic analysis was performed on the cross section of flexural test 
specimens (bounded by length and the thickness) to scrutinize the effect of different nano-
reinforcement configurations on the failure mechanisms of composites. Figure  6.10 
represents SEM images of cross-sectional areas of flexural test specimens after cutting 












































and polishing steps. The cross sections correspond to the right-hand side view shown in 
Figure  6.2a. In these specimens, there are two different orientation of fiber reinforcement; 
fibers oriented in a parallel manner to the cross section plane at outer layers and fibers 
oriented perpendicularly to cross section plane in the middle of specimens. Figure  6.10a 
shows the cross section of neat glass CFRP specimen after the breakage under flexural 
load. It can be seen that the first layer of fibers directly subjected to the applied load is 
completely broken down and the delamination of first and second layers of fibers is 
observed in the fractographic analysis. This delamination in the neat CFRP composite 
specimen confirms the relatively weak interfacial interaction between reinforcing fibers 
and epoxy matrix, which triggers the separation of carbon fibers from matrix under the 
applied flexural load. Figure  6.10b exhibits the cross section of CFRP/INT specimen in 
which the outer layer of fibers is crushed and broken down under the applied load while 
delamination does not occur, and the first and the second layers are well connected to 
each other after the failure. The absence of delamination in CFRP/INT specimen indicates 
superior interfacial bonding between carbon fibers and epoxy matrix due to the 
modification of interface by electrosprayed TEGO sheets. The failure behavior of 
CFRP/MTX is presented in Figure  6.10c wherein fractures occur in the form of matrix 
cracking, and fiber breakage does not take place in the first layer of fibers, unlike other 
specimens. The failure in the form of matrix cracking in CFRP/MTX specimen is due to 
the increase in elastic modulus of the matrix, which enables the matrix to bear the higher 
load in comparison to  specimens with neat epoxy as matrix whereby the higher amount 
of cracks occurs in the matrix. Figure  6.10d shows the fractured cross section of a 
CFRP/INT+MTX specimen after flexural failure where one can see fiber breakage of the 
first layer as well as some matrix cracking. In addition, a few minor delaminations are 
observed albeit the higher flexural load imposed on this family of the specimen for 
fracture as seen Figure  6.9a. The higher flexural load required for the fracture of 
CFRP/INT+MTX specimen under 3-point bending test deteriorates the interfacial 
bonding between carbon fibers and matrix thereby leading to partial delamination in the 
structure. These fractographic analyses provide an important insight as to the nature of 
the failure of specimens and the effect of TEGO sheets on interfacial interactions and load 













Figure  6.10 SEM images of cross-sectional area of specimens after flexural failure (a) 
CFRP, (b) CFRP/INT, (c) CFRP/MTX, and (d) CFRP/INT+MTX. 
6.4. Conclusions 
Electrospraying, which is a fast, efficient and easily up-scalable process, is 
employed for the deposition of graphene sheets onto carbon fabric mats to strengthen the 
interfacial interactions between carbon fiber reinforcement and epoxy matrix. The 
integration of graphene sheets on carbon fiber interface enhances the efficiency of load 
transfer from matrix to reinforcing fibers whereby the mechanical performance of 
composite structure notably improves due to the stronger interfacial strength. In addition, 
the results of XPS and Raman spectroscopy analyses confirm that the deposition of 
graphene layers via electrospraying technique does not affect the chemical structure and 
properties of carbon fibers adversely, and the carbon fabric mat preserves its structural 
consistency during composite manufacturing steps.  
In order to obtain high mechanical performance with optimum graphene 
concentration, the effect of graphene sheets as a primary reinforcement on the properties 
of the epoxy matrix was initially investigated in details by three-point bending tests.  The 
flexural strength and modulus of graphene-reinforced epoxy composites with a low 
concentration of 0.05 wt% TEGO produced by using classical molding technique are 
improved about 64 % and 85 %, respectively. Well-dispersed and stable TEGO 
containing epoxy hardener was prepared by sonication technique to prevent the 
agglomeration of graphene sheets in an epoxy matrix and structural defect formation. 
Then, a formulated mixture of graphene and epoxy was infused into the [0/90]S stack 
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using vacuum infusion to produce carbon fiber reinforced epoxy composites. The 
integration of graphene into the carbon fiber reinforced composite in the form of matrix 
reinforcement leads to appreciable enhancement in the mechanical performance of 
manufactured composite structures. Furthermore, the utilization of graphene sheets as 
both interface modifier and matrix reinforcement shows a synergetic effect thereby 
resulting in excellent improvements in the mechanical performance of the hybrid 
composite structure. Namely, when compared to unmodified composite structure, flexural 
strength, modulus and work of fracture are enhanced by about 51.2 %, 31.1 %, and 55 %, 
respectively while tensile strength, modulus, and impact strength are augmented by about 
19.4 %, 20.3 %, and 29.9 %, respectively. The detailed fractographic analyses were 
performed to establish an understanding on different fracture mechanisms involved in the 
failure of specimens under flexural loads and the effect of selective TEGO dispersion on 
composite performance and especially the interfacial interactions between carbon fibers 
and epoxy matrix. This novel architectural design involving multi-scale reinforced epoxy 
composite structures and nano-scale modified carbon fiber epoxy interface provides a 
readily scalable process for industrial applications and can be further explored for the 
development of lighter advanced structural composites. We consider our conclusions to 
be a stepping-stone for our future work for multi-scale composite structures that will focus 
on the dynamical-mechanical and electrical-thermal properties of these developed hybrid 
structures in the next report. The findings of this study are believed to contribute to the 
state of the art significantly given that the notable improvements are achieved in the 




CHAPTER 7. TAILORING VISCOELASTIC RESPONSE, SELF-HEATING 
AND DEICING PROPERTIES OF HIGH-PERFORMANCE CARBON FIBER 
REINFORCED EPOXY COMPOSITES WITH SELECTIVELY DISPERSED 
GRAPHENE AS INTERFACE AND MATRIX REINFORCEMENTS 
Three different architectural designs of multi-scale reinforced epoxy based 
composites with carbon fiber as micro-scale and graphene as nano-scale reinforcement 
are fabricated through vacuum infusion technique. In the first design, electrospraying 
technique was employed to deposit graphene sheets on the surface of carbon fibers as an 
interface modifier, in the second design, graphene sheets are incorporated into the epoxy 
resin to improve the matrix properties, and in the last design, the combination of the first 
and second designs are used to achieve a composite structure with superior mechanical 
and physical properties. In the first part of this study, dynamical mechanical testing 
techniques are applied to investigate the viscoelastic behavior of composite structures at 
different temperatures, frequencies and graphene configurations. In addition, activation 
energy for glass transition and a master curve for each composite are calculated by using 
Arrhenius equation and Williams–Landel–Ferry (WLF) time-temperature superposition 
principle, respectively. In the second part, the effect of graphene and its configuration on 
the electrical conductivity, thermal diffusivity and electro-thermal performance of 
composites are studied in details. The in-plane electrical conductivity of composite 
structure with graphene as both interface modifier and matrix reinforcement showed a 
significant electrical conductivity enhancement of 240% compared to a specimen without 
any nano-filler. In addition, Joule heating stem from the passage of electrical current 
through conductive composite are employed to add self-heating and de-icing capabilities 
to the composite structure. The results indicate that carbon fiber reinforced composites 
gain multi-functionality and preserve its mechanical integrity and enhance their 
performance at service conditions when graphene is used as both an interface modifier 





Fiber-reinforced polymeric composites with superior strength and stiffness to 
weight ratio, relatively ease manufacturing process, and multi-functionality are promising 
candidate in design and development of structural and functional materials for aerospace, 
aeronautics, energy and automobile industries [1]. However, growing demand of industries 
for materials with higher mechanical and physical and chemical properties causes new 
trends towards nanocomposite production. Nanocomposites brings advantages in 
mechanical integrity and physical properties of polymeric structures due to their high 
mechanical performance and density reduction [2]. However, there are several restrictions 
in the fabrication of nanocomposites which are complex processing, poor dispersion of 
nano-phase in polymeric matrix, and re-agglomeration of nanoparticles. In the recent 
years, various nano-reinforcements have been utilized in order to exploit potential of fiber 
reinforced composites and extent their capabilities [18, 113].  
One of the distinct properties of polymeric composites is their viscoelastic 
behavior, which renders their structural applications under dynamic loads. On the other 
hand, viscoelastic properties of polymeric structures are very sensitive to the presence of 
nano-particles in the composite structure and thus detailed investigations are required to 
get a comprehensive understanding of the effect [167]. Damping behavior is another 
crucial parameters to monitor the dynamical-mechanical behavior of fiber-reinforced 
composites [168]. Major damping sources in fiber reinforced polymeric composites are 
viscoelastic damping coming from nature of constituent materials, damping at the 
interface of reinforcing fibers with matrix, and damping related to the damages [169]. 
Dynamic mechanical analysis (DMA) is a very useful tool to analyze the mechanical and 
viscoelastic behavior of polymeric materials and detect any kinds of transitions and 
relaxation processes in the composite structure in the wide range of temperatures and 
frequencies under periodic stress [170]. In addition, DMA tests are very informative about 
interfacial properties of reinforcing fibers in the chosen polymeric matrix [18].  
Additionally, most of the fiber-reinforced composites that have been developed 
upto now are electrically and thermally insulator and this limits their utilization in 
potential applications. Herein, the incorporation of conductive nano-particles into the 
matrix enhances the electrical and thermal conductivities [171-173]. One of the 
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phenomena in electrically conductive structures is Joule heating or Ohmic heating based 
on the passage of electric current through conductive structure that releases heat due to 
the electrical resistance [174]. At this point, this phenomenon provides a convenient and 
effective way to add different functionalities into the polymeric composite structures. 
Today one of the main problems in aerospace and wind turbine blades structures 
is icing of polymeric composite in service conditions [175]. Icing alters the shape, 
dynamic behavior and weight of structure and thus performance of whole structure. 
Ohmic-heating provides an active, easy, controllable and efficient method to add anti-
icing capability into the polymeric structures. Electrical heating melts a thin layer of ice 
on the surface of structure and then ice starts to detach from the composite surface. In 
addition, heating by electrical current provides an ability to program the system to act in 
a timely manner or work based on the response of integrated sensors. This active 
controllability decreases the required energy and the degradation risk of composite 
because of overheating. Furthermore, uniform distribution of heat assisted by nano-
particles prevents the thermal degradation of composite coming from local heating which 
is a common phenomenon in the conventional active and passive anti-icing methods 
[176].  
In our previous study [113], three different architectural designs of advanced 
multi-scale reinforced epoxy based composites were developed in which graphene sheets 
and carbon fibers were utilized as nano- and micro-scale reinforcements, respectively. In 
the first design, electrospraying technique was employed for the selective deposition of 
graphene sheets onto the surface of carbon fabric mats as an efficient and up-scalable 
method to enhance the interfacial strength between epoxy matrix and carbon fibers and 
thus increase the efficiency of load transfer between matrix and reinforcing fibers 
(encoded as CFRP/INT). In the second design, graphene sheets were dispersed directly 
into the hardener-epoxy mixture and graphene reinforced carbon fiber/epoxy composites 
were fabricated through vacuum infusion process (CFRP/MTX). In the third design, the 
combination of the first and the second arrangements were employed to manufacture a 
multi-scale hybrid composite with nano-reinforced matrix and improved interfacial 
strength between carbon fibers and epoxy matrix to achieve superior mechanical 
properties (CFRP/INT+MTX). Moreover, a specimen without any nano-scale 
reinforcement was manufactured to make a comparison in the mechanical performance 
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of nano-material reinforced composite (CFRP). Graphene/carbon fiber/epoxy composites 
in these three different arrangements of graphene sheets showed enhancement in in-plane 
and out-of plane mechanical performances. Especially hybrid composite structure of 
CFRP/INT+MTX in which graphene sheets were used as both interface modifier and 
matrix reinforcing agent, showed remarkable improvements on mechanical performance 
due to the synergetic effect. 
In aforementioned structures, carbon fibers and graphene sheets are thermally and 
electrically conductive reinforcements that can create electrical and thermal conduction 
paths as well as provide selective and uniform distribution of heat through the composite 
parts. This type of polymeric composite with improved electrical and thermal 
conductivity can be utilized for electric heating materials or devices. Also, these materials 
do not suffer from corrosion, heavy weight and expensive manufacturing processes over 
metallic competitors [174].  
Significant efforts are being made to extend the capabilities and reliabilities of 
fiber reinforced composites towards advanced applications by integrating nano- and 
micro-reinforcing agents and modifying their microstructure [113, 156]. However, most 
of these studies are using static testing techniques to investigate the microstructure effect 
on the mechanical performance of composite structures. This work addresses these issues 
by providing a detailed investigation about viscoelastic behavior of epoxy matrix 
composites with carbon fiber/selectively integrated graphene as multi-scale 
reinforcements by dynamic mechanical tests. The effects of temperature, frequency and 
graphene configuration on dynamical responses, damping behavior and viscoelastic 
activation energy were studied by using dynamical mechanical testing technique. The 
time–temperature superposition approach was used to predict the mechanical 
performance of polymeric samples outside the experimental time scales. To the best of 
our knowledge, there is no comprehensive work focusing on electrical and thermal 
conductivities, self-heating and deicing capabilities of multi-scale reinforced composite 
structures at the same time. In the present study, a systematical research was performed 
to bring a new insight into the design and fabrication hierarchical multi-scale and multi-
functional structural materials. These hierarchical multi-scale designs of composites 
provide the ability to fabricate, mechanically high performance and electrically 




7.2.1.  Materials 
Materials used are N, N dimethyl formamide (DMF, Sigma-Aldrich, 99%), 
deionized water, thermally exfoliated graphene oxide (TEGO)-Grade 2 received from 
Nanografen Co. Araldite LY 564 resin, Hardener XB 3403 Uniaxial carbon fabrics of 
Metyx company with the average weight of 310 g/m2 (300 g/m2 800 Tex 12K along the 
(0o) direction, and 10 g/m2 68 Tex E-Glass along the (90o) direction) and SPI Flash-Dry 
Silver Paint. 
7.2.2.  Fabrication of Multi-scale Reinforced Epoxy Composites 
In our previous study, composite laminates with three different multi-scale 
reinforcement architectures were developed by the integration of graphene as matrix and 
interface reinforcements in different configurations and their mechanical performances 
were investigated [18, 113]. In the first design, TEGO as an interface modifier was 
deposited on both two sides of unidirectional dry carbon fiber plies by electrospraying 
process. The weight percentage of TEGO in CFRP/INT specimens was adjusted as 0.01 
wt%. In the second design, CFRP/MTX specimens were fabricated by the dispersion of 
TEGO sheets directly into epoxy and hardener mixture acting as a matrix reinforcement 
agent and then untreated carbon fiber plies were impregnated by using this TEGO 
integrated resin system. The weight percentage of TEGO in CFRP/MTX specimens was 
about 0.01 wt%. The third design was the combination of the first and the second 
approaches in which TEGO was used as both matrix reinforcement and interface 
modifier, which named as CFRP/INT+MTX. The total weight percent of TEGO in this 
combination was approximately 0.02 wt%. In all these specimens, carbon fiber plies were 
stacked into a [90°/0°]S configuration and then impregnated by a degassed epoxy resin-
hardener system using vacuum infusion method. In the present work, these three 
composites were produced by following aforementioned production conditions to 
examine their viscoelastic response, self-heating and de-icing properties.  
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7.2.3. Dynamic Mechanical Analyses (DMA)  
Dynamic Mechanical Analyzer (Netzsch DMA 242 C) was used to analyze the 
mechanical properties of composite specimens as a function of temperature, and 
frequency. Three-point bending mode was applied at frequencies of 1.0, 2.0, 5.0, 10.0 and 
20.0 HZ with a heating rate of 3 °C per min in the temperature range of 30 to 150 °C. 
7.2.4.  Electrical Conductivity Measurements 
In order to measure the in-plane electrical conductivity, specimens were cut into 
the desire dimensions and electrodes were prepared by applying silver paste to the two 
ends of specimen to provide uniform electrical current as shown in Figure  7.1. The 
electrical conductivity (σ) was calculated by using σ=L/RA formula where R is the 
electrical resistance, A is the cross sectional area of specimen, and L is the length of the 
specimen. The R values were calculated for each specimen based on Ohm’s role (R=V/I) 
by applying different currents provided by a DC power supply (GPC-3060D, GW Instek) 
in the range of 0-1.4 A and reading the voltage values received from a Brymen 857a 
digital multimeter. 
 
Figure  7.1 Schematic representation of electrical conductivity measurement set-up 
 
7.2.5. Thermal diffusivity analysis by pulse thermography  
The pulse thermography experiments were performed using PTvis 6000 module 
of edevis complete package (Edevis GmbH, Stuttgart, Germany) on 10 cm x 10 cm*0.127 
cm composite laminates. The system consists of a thermal camera, a Xenon flash lamp 
(6 kJ of optical energy), a control unit, a computer, and processing software 
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(DisplayIMG 6). The camera used for surveillance of pulse thermgraphy experiments was 
FLIR System ATS X6580 SC equipped with a sensitive MWIR 640 x 512 sensor (1,5 – 
5 μm) with capability to obtain images with maximum frame rate of 355 Hz at 640 x 512 
Pixel. The thermal sensitivity of this camera is below 20mK. In the pulse thermography 
experiments, surface of specimens were excited by a pulse from a Xenon flash lamp then 
absorbed light transferred into heat and disturbed the thermal equilibrium of the sample. 
During these experiment thermography camera registers the temperature changes in the 
sample. Of special interest of this study is the evaluation of the time dependent thermal 
distribution within the composite specimens with different TEGO sheets configurations. 
7.2.6. Self-heating and Anti-Icing characterization 
Self-heating or Ohmic heating of specimens were examined by applying a 
constant current of 1 A at both ends of specimens in which silver past were applied 
previously. A FLIR SC300-Series thermal camera was used to observe the thermal 
profiles created due to Joule heating on composite specimens. Anti-icing experiments 
were conducted under the relevant sections by applying a constant current across the 
specimens at −35 °C and dropping 20 μl water on the surface of specimens. 
7.3. Results and discussions 
7.3.1. Dynamic mechanical analysis (DMA) 
DMA is a sensitive, powerful and versatile method to investigate the temperature 
dependency, and viscoelastic behavior of polymer based materials by measuring their 
stiffness and damping characteristics [177]. This technique applies a periodic stress to the 
sample and monitors the sample responses (including in- and out of phase responses). In-
phase response is correlated to storage modulus (E’) while out of phase responses are 
index of loss modulus (E’’). The ratio of these two parameters is defined as mechanical 
loss factor (tan δ) in which a relation between the in-phase (elastic) and the out-of-phase 
(viscous) phase could be determined [178].  
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7.3.2. Dynamical-mechanical behavior of specimens under temperature 
sweep  
Dynamical-mechanical properties of composites are strongly linked to type of 
matrix and reinforcement, matrix and reinforcement interaction and reinforcement 
content and orientations [179-181]. Figure  7.2 exhibits the storage modulus (E’) and tan 
δ curves vs temperature for CFRP, CFRP/MTX, CFRP/INT and CFRP/INT+MTX 
specimens obtained at the frequency of 1 Hz. It can clearly be seen in Figure  7.2that 
storage modulus which is an index of stiffness and load bearing capability of structure, at 
glassy region, temperature is lower than glass transition temperature (Tg), shows different 
values for each specimen depending on TEGO sheets configuration. For CFRP/INT 
specimen in which nano-scale reinforcements were integrated at the interface of 
reinforcing carbon fibers with epoxy matrix a partial improvement on E’ value at glassy 
state was observed compared to E’ value of CFRP specimen. Furthermore, CFRP/MTX 
specimen in which TEGO sheets were dispersed into the polymeric matrix showed even 
higher E’ value at glassy state when compared to CFRP and CFRP/INT specimens. The 
integration of TEGO sheets as both interface modifier and matrix reinforcement agent in 
the CFRP/INT+MTX specimen activates a synergetic effect leading to a significant 
increase in the E’ value at glassy state compared to other specimens. However, E’ after 
Tg and at the rubbery state showed different behavior compared to glassy state behavior 
of specimens. Similar E’ value at rubbery state for both CFRP and CFRP/INT specimens 
reveal the negligible effect of interface of carbon fibers and polymeric matrix on E’ values 
above Tg region. On the other hand, both specimens of CFRP/MTX and CFRP/INT+MTX 
in which TEGO sheets were incorporated into polymeric matrix showed similar E’ values 
at rubbery state which is higher than E’ at rubbery state for CFRP and CFRP/INT 
specimens. Thus, it can be conclude that at rubbery region matrix dominant properties 
control the composite behavior where integrating TEGO sheets enhances the storage 
modulus at rubbery regions by restricting the mobility of the polymeric chains [182].  
Term tanδ, as an index of damping behavior of specimen, defined as the ratio of 
the loss modulus to the storage modulus. The peak of tanδ vs temperature graph is often 
related to the glass transition temperature. Tg is a very critical parameter for polymer 
based composite to determine maximum service temperature in their final application 
condition [66]. In Figure  7.2, it is clearly seen that incorporation of TEGO sheets in any 
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configurations do not changed the Tg value. Furthermore, height of tanδ peak which is 
considered as an index of damping behavior of composites is different for each 
configuration of TEGO in specimens [183]. As it can be seen for CFRP and CFRP/INT 
specimens’ height of tanδ peak and consequently damping behavior is higher compared 
to matrix modified CFRP/MTX and CFRP/INT+MTX specimens. These lower damping 
values for matrix modified specimens reveal that matrix properties play a critical role on 
damping behavior of composite structure compared to interface properties of carbon fiber 
with matrix. 
 
Figure  7.2 Temperature sweep of Tanδ and E’ curves of CFRP, CFRP/INT, 
CFRP/MTX and CFRP/INT+MTX at frequency of 1 Hz. 
7.3.3. Frequency dependency of dynamical-mechanical properties and 
viscoelastic activation energy 
Frequency of applied load is one of the main parameters influencing the response 
of polymeric structures in dynamical-mechanical analyzes. A common trend in polymeric 
materials is to shift tanδ curves to higher temperatures by increasing the test frequency 
[184]. Figure  7.3a-3d represent the tanδ curves for different composite specimens at 
heating rate of 3 °C/min at five different frequencies of 1, 2, 5, 10, and 20 Hz. In Figure  
7.3a-3d it is seen that increasing the test frequency shifts the Tg in all the specimens to 
higher temperatures. However, availability of information on Tg at different frequency 
for polymeric systems enable us to apply Arrhenius equation on system behavior and 



































evaluate the activation energy of glass transition or viscoelastic activation energy [66]. 
The glass transition activation energy is a key factor in prediction of creep behavior and 
lifetime of polymeric structures in working conditions [185, 186]. Arrhenius equation for 
predict temperature and frequency relation DMA test are used repeatedly in different 
publications as Eq (1) [66, 187, 188]: 
                                                                                                    (1)    
        
wherein ω is the test frequency, ωo is pre-exponential factor, T is temperature, R is 
universal gas constant, and ΔH is the activation energy. The ratio of test frequencies in 
different experiments is related to Tg by Eq (2) [66]: 
                                                                            (2) 
 
which can be converted to temperature shift factor, aT by Eq(3) [189]:  
                                                   (3) 
Thus, the activation energy of glass transition, ΔH, can be calculated from the slope of 
ln(ω) vs. 1/Tg graph using Eq (4) [167, 186, 190]: 
                                                  (4) 
                                                                                        
Figure  7.3e represents the graph of ln(ω) vs. 1000/Tg for four composite 
specimens. Table 7.1 summarizes the slopes of each line calculated by applying least 
square regression method, R2 values and activation energy (calculated by Eq (4)) obtained 
from Fig. 3e. The activation energy for neat CFRP specimen was about 346.7 kJ/mol but 
the addition of TEGO as an interface modifier slightly increased the activation energy 
upto 351.3 kJ/mol. An increase in activation energy of CFRP/INT specimen stems from 
the enhancement of interfacial interactions between carbon fiber and matrix, and thus the 








































































































dispersion of TEGO sheets into the epoxy matrix increased the activation energy upto 
391.9 kJ/mol due to much more interactions of polymeric chains with TEGO sheets in 
the whole composite. In addition, the highest activation energy was obtained as 394.7 
kJ/mol belonging to CFRP/INT+MTX specimen due to higher TEGO content in the 
structure. Higher activation energies obtained for TEGO modified composites provide 












Figure  7.3 Tanδ vs temperature curves depending on different frequencies in the range 
of 1 to 20 Hz for (a) CFRP, (b) CRFP/INT, (C) CFRP/MTX, (d) CFRP/MTX+INT 
specimens, and (e) the graph of ln(ω) vs. 1000/Tg  
 













































































Table 7.2 Slopes of lnω vs. 1000/Tg graphs, R2 values, and activation energies (ΔH) of 
composite specimens 
 Slope R2 ΔH (kJ/mol) 
CFRP -41.70±1.6 0.996 346.7 
CFRP/INT -42.25±0.7 0.999 351.3 
CFRP/MTX -47.14±1.7 0.996 391.9 
CFRP/INT+MTX -47.47±0.7 0.999 394.7 
7.3.4.  Master curves by time–temperature superposition 
The time–temperature superposition approach provides a tool to predict the 
mechanical performance of polymeric composites out of experimental time scales [191]. 
The data presented in master curves can be used to estimate long-term behavior of 
materials such as creep (low frequency data) or material behavior in the exposure to an 
impact load (higher frequencies)[192, 193]. Herein, master curves were constructed for 
tanδ at different frequencies and temperature ranges by using Williams–Landel–Ferry or 
WLF model in which shift factor is described by Eq (5) [194, 195]: 
 (5) 
where C1 and C2 are material-dependent constants. It is generally accepted that 
WLF equation are valid for temperature above Tg [188]. However, in this study, WLF 
equation was applied for whole temperature ranges of DMA test in order to investigate 
the deviation of specimens’ behavior with different TEGO configurations at different 
temperature ranges. Figure  7.4 exhibits tanδ master curves at different reference 
temperatures and frequencies. One can see that for CFRP and CFRP/INT specimens 
having no TEGO sheets in the matrix, the peak frequencies of tanδ curves changed 
nonlinearly by increasing the reference temperature upto Tg (~75 ˚C). On the other hand, 
taking the reference temperatures upper than Tg resulted in graphs with linear change on 
the peak frequencies of tanδ. In another words, in CFRP and CFRP/INT specimens for 
temperatures lower than Tg, the peak frequencies of tanδ shift nonlinearly towards lower 
frequencies due to the deviation of materials behavior from WLF model while these 
changes are linear at reference temperatures higher than Tg. In addition, in CFRP/MTX 
and CFRP/INT+MTX specimens, the peak frequencies of tanδ in all the temperature 
ranges changed linearly without any significant deviation from linear behavior. This 



























Figure  7.4 Tanδ vs frequency master curves of (a) CFRP, (b) CRFP/INT, (C) 
CFRP/MTX and (d) CFRP/MTX+INT at different reference temperatures 
7.3.5. Electrical Conductivity 
DC electrical conductivities (in-plane) of multi-scale reinforced composites were 
measured by applying various electrical currents and reading the induced voltage of the 
specimens. Figure  7.5a exhibits the current-voltage (I-V) curves of CFRP, CFRP/INT, 
CFRP/MTX and CFRP/INT+MTX. In all the specimens, voltage increased linearly by 
increasing the electric current. However, the slopes of these lines are different in each 
configuration of TEGO sheets. Figure  7.5b represents the changes in the electrical 
conductivities of specimens regarding TEGO configuration in composite structure. The 
results showed that the electrical conductivity of neat CFRP specimen was about 30 S.cm-
1 whereas the composite conductivity decreased down to 16.8 S.cm-1 by the deposition of 
conductive TEGO sheets on carbon fiber surface. Similar tendency was also observed in 































































































































































































































conductivity by using conductive materials as interface modifier [156]. In neat composite, 
main electron pathway happens in carbon fibers. In the present study, TEGO as an 
interface modifier increases the surface-to-volume ratio of carbon fibers but starts to 
entrap electrons coming from carbon fibers and this results in an increase in electron 
surface scattering and thus the reduction in electrical conductivity [196-198]. On the other 
hand, the incorporation of TEGO sheets into polymeric matrix increased the electrical 
conductivity upto 47.6 S.cm-1 due to the creation of new conduction pathways through 
epoxy matrix by TEGO sheets in addition to carbon fibers having main electron 
conduction routes. Furthermore, there is a sudden increase in electrical conductivity of 
CFRP/INT+MTX specimen as 102 S.cm-1 due to co-presence of electrical conduction 
paths of carbon fibers and TEGO network in the matrix and also proper connection of 
these two electrical conduction paths by TEGO sheets at the interface of carbon fibers.





Figure  7.5 (a) I-V curves and (b) electrical conductivity value vs specimen type 
7.3.6. Self- heating performance  
One of the phenomena in a conductive structure is Joule heating or Ohmic heating. 
Based on this phenomenon, the passage of electrical current through any conductive 
structure would release heat [199]. Benefiting from this phenomenon, conductive 
composite structures can be used as electrical resistors, which convert electrical energy 
into thermal energy [174, 200]. Herein, a constant current of 1 A was applied on the 
composite specimens and generated temperature profiles were monitored by a thermal 
camera. Figure  7.6shows the temperature profiles of each specimen at their steady state 
forms. Figure  7.6a and 6b exhibit the temperature profiles for CFRP and CFRP/INT 
specimens in which very intense heating were observed at the edges and especially in the 


































































connection areas of specimens to power supply due to the low electrical and thermal 
conductivities of specimens. On the other hand, in Figure  7.6a and 6b, temperature is 
much lower at the middle of CFRP and CFRP/INT specimens. This extreme difference 
between edge and middle temperatures of specimens can restrict their utilization in 
electrical heating based devices since more thermal degradation occurs at the edges by 
applying current whereas the middle of specimens would not reach the desired 
temperature. Furthermore, in the CFRP/MTX specimen, in Figure  7.6c, the presence of 
TEGO sheets in the matrix increases the electrical conductivity of specimen and thus 
lower amount of heat generation is observed under the constant current compared to the 
aforementioned specimens. In addition, CFRP/MTX specimen shows more uniform 
temperature distribution on its surface as seen in Figure  7.6c due to an increase in thermal 
conductivity of structure in the presence of TEGO sheets. On the other hand, in Figure  
7.6d, electrical conductivity of CFRP/INT+MTX specimen increases significantly which 
causes much lower heat generation. Also, thermal camera image showed much uniform 









Figure  7.6 Thermograms of (a) CFRP, (b) CFRP/INT, (c) CFRP/MTX, and (d) 
CFRP/INT+MTX under constant current of 1 A. 
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7.3.7. Thermal-Diffusivity Characteristics of Composite Specimens 
The extremely short test duration and high detection sensitivity make pulse 
thermography a suitable non-contact test method to characterize the thermal properties of 
composite specimens. In this method, thermal equilibrium of specimen was disturbed by 
the deposition of a short pulse of energy by a powerful xenon flash lamp at the front 
surface of specimen. The temperature decay on the surface of specimen was registered 
by a thermal camera as a function of time. Temperature decay data can be used to extract 
information on test specimen properties (e.g. thickness, and thermal properties) [201]. 
Thermal diffusivity as an index of heat propagation speed through conduction in any 
material is defined by Eq (6) [202]:  
 ((6)
 
where k is thermal conductivity, Cp is specific heat capacity and ρ is density. In composite 
materials, thermal diffusivity is directly related to the material microstructure and 
constituent material properties and its orientation. Figure  7.7 exhibits the temperature-
time curves for specimens having different TEGO sheets configurations. Each curve 
consists of two separate parts namely: initial linear decrease of temperature by time in a 
log-log plot and latter is the thermal equilibrium when heat reaches the back of specimen. 
In these curves, the crossing point between these two linear regimes is defined as τc related 
to the time which is required for heat to cross the entire sample with thickness of L. The 
crossing time (τc) can be used to calculate the heat diffusivity (D) based on Parker et al. 
Theory by using Eq (7) [203, 204]: 
 (7) 
Table 7.3 summarizes specimen thickness, τc and thermal diffusivity values 
calculated by using pulse thermography. In CFRP specimen, thermal diffusivity was 
calculated as 5.98 mm2 s-1. In the CFRP/INT specimen, the speed of heat conduction of 
specimen increases while the heat capacity of specimen remained unchanged resulted in 
a jump in thermal diffusivity of specimen to 6.31 mm2 s-1 due to the presence of TEGO 














conductive carbon fibers.  On the other hand, the incorporation of TEGO sheets into the 
polymeric matrix of CFRP/MTX specimen increased the thermal conductivity and 
decreased the heat capacity of structure by restricting the movement of polymer chains 
leading to an increase in thermal diffusivity to 6.20 mm2 s-1 [205, 206]. Furthermore, 
thermal diffusivity of CFRP/INT+MTX specimen increased upto 6.61 mm2 s-1 and had 
higher thermal conductivity compared to the other samples due to the synergistic effect 
of TEGO sheets available at the interface and in the matrix of composite structures. 
 
Figure  7.7 Surface temperature decay curves calculated for composite specimens 
regarding different TEGO sheets configurations. 
Table 7.3 Sample thickness, crossing time (τc) and calculated Thermal diffusivity 
 Sample thickness (mm) τc (s) D (mm2 s-1) 
CFRP 1.27±0.02 0.0858 5.98 
CFRP/INT 1.27±0.03 0.0814 6.31 
CFRP/MTX 1.27±0.03 0.0828 6.20 
CFRP/INT+MTX 1.27±0.03 0.0777 6.61 
 
7.3.8.  Self-heating Application in De-icing  
In order to investigate the deicing capability of specimens, 20 µl water droplet 
was placed in the middle of   composite specimen surface and water droplet was frozen 
at temperature of -35 oC by using a set-up shown in Figure  7.8a. The deicing time were 
measured for CFRP, CFRP/INT and CFRP/MTX specimens by applying the current of 3 
CFRP/INT+MTX


























A to the drop of droplet from surface of specimen. However, for CFRP/INT+MTX 
specimen having the highest conductivity value, the heat generated under constant current 
of 3 A is not enough for the initiation of deicing process. Therefore, higher current of 4 
A was applied to CFRP/INT+MTX specimen. In CFRP/INT+MTX specimen, it is 
feasible to increase the current up to 4 A without degrading the specimen which is not 
applicable for other specimens. The deicing performance of specimens in Figure  7.8b 
reveals that CFRP and CFRP/INT show almost similar deicing behavior. On the other 
hand, the ice drop time of CFRP/MTX decreases. Noting the lower generation of heat in 
CFRP/MTX specimen at constant current compared to CFRP and CFRP/INT, lower drop 
time stems from higher thermal conductivity of specimen which facilities the heat 
distribution all over the specimen. In addition, in CFRP/INT+MTX specimen, the 
capability to apply higher current on the specimens results in notable less drop time and 




Figure  7.8 (a) The setup of de-icing experiment, and (b) Ice drop time of CFRP, 
CFRP/INT, CFRP/MTX under constant current of 3 A, and CFRP/INT+MTX under 
constant current of 4 A. 
7.4. Conclusions 
Multi-layer graphene oxide sheets with superior mechanical performance, 
electrical and thermal conductivities were integrated with three different configurations 
into carbon fiber reinforced epoxy composites. In the first design, graphene was used as 







































was used as a matrix reinforcement and the third design was the combination of the first 
and second designs. Dynamical-mechanical behavior of specimens under temperature 
sweep showed that damping behavior of fiber reinforced structures was strongly linked 
to the matrix properties rather than the interface of reinforcing fibers and the matrix. In 
addition, glass transition activation energy and master curves for each specimen were 
calculated to understand the graphene sheets effect on composite performance under 
various dynamic loads and temperature ranges. When graphene was used as both an 
interface modifier and a matrix reinforcement in the composite structure, electrical 
conductivity of this newly design composite showed 240% enhancement. Also, the 
thermal diffusivity of this composite measured through monitoring the surface 
temperature by pulse thermography technique had higher values than the other specimens. 
This facilitated the heat transfer inside the structure and thus more uniform temperate 
profile can be achieved in carbon fiber reinforced composites by dispersing graphene 
selectively. In addition, composites gained de-icing functionality by introducing self-
heating capability based on Joule heating.  It was observed that CFRP/INT+MTX 
specimens possess a significant higher de-icing performance over other specimens. 
Consequently, multi-scale carbon fiber reinforced composites by the integration of 
graphene as nanofiller will bring new direction in the composite applications to develop 
and fabricate more reliable, multi-functional and long-lasting materials.   
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CHAPTER 8. CONCLUSIONS 
This study was conducted in six major sections. The findings for each step can be 
summarized as follows:  
i.Direct fabrication of multi-walled hollow electrospun fibers with controllable structure 
and surface properties 
In this part of study, multi-walled electrospun fibers with controllable hollowness 
and different polymeric layers were fabricated by a single step process. The inner and 
outer diameters of fibers and surface morphologies are controlled by changing the solvent 
type, applied voltage, polymer concentration, and polymer type. The system and process 
parameters of tri-axial electrospinning were optimized to fabricate an ideal multi-walled 
hollow fiber structure.  
ii.Multi-walled hollow nanofibers as reinforcing agents in nanocomposites  
The effect of electrospun fibers with different wall materials, morphology, 
diameter, and fiber content on the mechanical performance of composite specimens is 
studied. Two different composite production techniques, which are casting onto a Teflon 
mould and vacuum infusion, are applied to produce composite structures. The utilization 
of PMMA-PAAm hollow fiber as inter layers of glass fiber laminated composites, 
enhances the flexural modulus by 6.5 %, flexural strength by 14 %, the onset of  first 
layer of glass fabric failure strain by 12.5 % and final failure strain by 20%. DMA results 
for glass fiber reinforced specimens laminated with nanofiber interlayers show 7°C 
increase in Tg in comparison to neat specimens.  
iii.Repeated Self-healing of Nano and Micron Scale Cracks in Epoxy based Composites 
Electrospun multi-walled healing fibers are utilized in order to encapsulate various 
healing agents with two different protective walls. For the first design of healing fibers, 
DCPD as a healing agent is encapsulated inside the electrospun fibers with two different 
polymeric layers wherein the middle layer encapsulates healing agent due to its low 
affinity, and outer layer is compatible with epoxy matrix. The effect of fiber diameter 
(nano or micron scale) and the type of self-healing agent (DCPD monomer and epoxy 
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resin) on self-healing properties of the produced composites were investigated by 
comparing mechanical properties. It is shown that healing fibers with larger mean 
diameter are much more appropriate for healing micro cracks whereas fibers with finer 
diameter can heal nano-scale cracks more effectively. The unique structure of multi-
walled electrospun fibers developed in this work has a high potential to create a novel 
self-healing, smart and responsive materials with enhanced functionalities. 
iv.Acoustic emission and Fiber Bragg grating as a novel technique for measuring self-
healing efficiency 
Two different composite production techniques are employed to fabricate self-
healing epoxy based composite structures. In the first method, tri-axial electrospun fiber 
reinforced epoxy composites were fabricated by using classical molding technique in 
which electrospun fibers act as both reinforcement and healing agent. In the second 
method, vacuum infusion technique was employed to fabricate glass fiber/tri-axial 
electrospun fibers/epoxy composite in which tri-axial healing fibers provide self-healing 
functionality at the interface of the glass fibers with epoxy matrix and enhance the 
composite toughness. Traditional mechanical testing methods and different SHM 
techniques such as FBG sensors, acoustic emission, and Poisson’s ratio reduction are 
employed to analyze the health and damage states of components in the localized and 
global scale in real time. Successful and recurring self-healing ability of composite 
structures and healing functionality of fibers at the interface of glass fiber with the epoxy 
matrix are confirmed through different characterization techniques.  
v.High-Performance Epoxy Matrix Composites with Carbon Fiber/Selectively Integrated 
Graphene as Multi-Scale Reinforcements 
Three different architectural designs are developed for manufacturing advanced 
multi-scale reinforced epoxy based composites in which graphene sheets and carbon 
fibers are utilized as nano- and micro-scale reinforcements, respectively. In the first 
design, graphene sheets are used as interface modifier between the carbon fiber and the 
matrix; in the second design, graphene sheets are used as matrix reinforcement and third 
design is combination of the first and the second designs. The integration of graphene 
sheets on carbon fiber interface enhances the efficiency of load transfer from matrix to 
reinforcing fibers. The integration of graphene into the carbon fiber reinforced composite 
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in the form of matrix reinforcement leads to appreciable enhancement in the mechanical 
performance of manufactured composite structures. Furthermore, the utilization of 
graphene sheets as both interface modifier and matrix reinforcement shows a synergetic 
effect thereby resulting in excellent improvements in the mechanical performance of the 
hybrid composite structure. Namely, when compared to unmodified composite structure, 
flexural strength, modulus and work of fracture are enhanced by about 51.2 %, 31.1 %, 
and 55 %, respectively while tensile strength, modulus, and impact strength are 
augmented by about 19.4 %, 20.3 %, and 29.9 %, respectively.  
vi.Viscoelastic Response, Self-heating and Deicing properties of Carbon Fiber/Selectively 
Integrated Graphene/epoxy composites 
Graphene sheets with superior mechanical performance, electrical and thermal 
conductivities are integrated with different configurations into carbon fibers reinforced 
composites. Dynamical-mechanical behavior of specimens under temperature sweep 
showed that damping behavior of fiber reinforced structures are strongly linked to the 
matrix properties rather than interface of reinforcing fibers and the matrix. In addition, 
activation energy of the glass transition as well as master curves for each specimen types 
were calculated under various dynamic loads and temperature ranges. The electrical 
conductivity of composites was increased up to 240% compared to unmodified specimen. 
Self-heating performance and thermal diffusivity of specimens were measured by 
monitoring the surface temperature and pulse thermography techniques. The electrical 
conductivity and self-heating capability of specimens were employed to develop 
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